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NDRC FOREWORD 


A s KVKNTS of the years preceding 1940 revealed 
more and more clearly the Keriouancss of the 
world .situation, many scientists in this country came 
to realize tlu' need of organizing scaentific re.soarch for 
service in a national emergency. Recannmendations 
which they made to the White Hous(' w('r(! given care¬ 
ful and sympathetic attention, and as a result the 
National Defense Research Committee [NnRC3waa 
fonried by Executi\e Order of the President in tli(> 
summer of 1940. ddie memhei'S of NDRC, appointed 
by the President, w(a-e instmeted to siipphanent the 
work of the Army and tlu' Navy in the d('velopment 
of the lust rumcntalities of war. A year later, upon 
the establishment of the Office of Scientific Research 
and Development [OSRD], NDRC* became one of 
its units. 

The Summary Technical Report of NDRC i.s a 
conscientious effort on the part of NDRC to sum¬ 
marize and evaluate its work and to present it in a 
useful and permanent form. It comprises some 
sc'venty volumes brokem into groups corresponding 
to the NDRC Divisions, Panels, and Committees. 

The Summary Technical Report of each Division, 
Panel, or C'ominittcai is an integral survey of the work 
of that group. The first volume of each group’s re¬ 
port contains a summary of the report, stating the 
problems pn^sented and tin' phiio.sojrhy of atta,cking 
tlicTii and suinmanzing tlici n'sult.s of the research, de¬ 
velopment, and training activitie.s undertaken. Some 
vohnne.s may be “state; of the art” treati.sees e’ovenng 
sub,iects to which various reseaivli group,s have con- 
tributeel iiiformatioii. Others may e'outain elescrip- 
tiems of devices developed in the' laboratories. A 
master index of all the.se elivisional, panel, anel eom- 
mitte;e' reports which terge'thcr constitute the Sum¬ 
mary Technical Reeport of NDRC is cenitaiiie’d in a 
.separate volume, which also iuclueles the’ index of a 
microfilm record of pertinent techiiie'al laboratory 
reports aiiel re;fe'rc,nce material. 

Some e.'f the; NDRC-sponseineef re;se;a,rche.s whie'h 
had be;e'n dcclassifieel by the; e-nd of 194,5 were; of 
sufRe;ie;nt popular' interest that it was founel dersirablc 
to re;port them in the form of monographs, srreh as 
the se;rie;s on radar by Divisiorr 14 and the mernergraph 
errr sampling inspectierrr by the Applieel Mathe;matics 
Parrel. Since the material treated in thenr is not dirpli- 


cated in the Summary l’ee;hrrical Report of NDRC, 
the monogra{)lrs arc an impor’tant part of the sterry 
erf these; asp(;€ks of NDRC I’esearcli. 

Irr contrast to the informatiorr on radar, which is 
of widespread irrterest and much of which Ls re;lease;d 
ter the piihlie, the research on subsurfitee warfare is 
large'ly classified and is of gerrcral irrterest to a more 
restricted group. As a cernseqircneo, the report of 
Division 6 es fouird almoLst irntirely in its Summ,aiy 
Technical Repoi’t, which runs to over twenty volumes. 
The extent of the work of a Division carrrrert thereferrer 
be jiteigeei solely by the number of volumes devotcxl 
to it in the Summata'^ T'echnical Report of NDRC: 
aecoirnt imist be taken of the motrographs and avail¬ 
able refrorts published elsewhere. 

Any great cooperative errdeavor' must stand or fall 
with the will and integrity of the men engaged in it. 
This fact held ti’ue for NDRti frotrr its inception, and 
for Division 6 under the leadership of Dr. Johrr 'P. 
Tate. To Dr, Tate and the men who worked with 
him — .some as mr'rnbers of Division 6, sorire as 
represerrtatives of the Division’s eonti-aetors — be¬ 
longs the- sincere gratitude of the Nation for a diffi¬ 
cult and oft(;n dangerous job well done. Their efforts 
e()iitrihul(;d significantly to the outcome of our naval 
0 |)(;rations during the war and richly deserved the 
warm response they i’ec(;lv(;d ii'om the Navy. In ad¬ 
dition, their contributions to the knowledge of tin; 
ocean and to the art of oceanographic; r(;scarch will 
assuredly spewed peacetime investigations in this field 
and bring rich benefits to all mankind. 

The Summary Technical Rc'-port of Division fi, 
prepared under the direction of the Division Cffuef 
and authorized by him for publication, not only 
presents the methods and results of widely vari(;d n;- 
search and deveiopm(;nt programs but is ess(;iitialiy a 
record of the unstinted loyal cooperation of able men 
iiiik(;d ill a common effort to eoiitribute to the defense 
of th(;ir Nation. To them all wc; (;xtond our deep 
ai)i)r(;ciation. 

Vannevar Rush, Direettor 
Office of Scientific Research and Development 

J. B. CoNANT, Chairman 
National Defense Research Committee 
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FOREWORD 


A vert substantial portion of the research and 
development effort of Division 6 related to 
acoustic, homing; control of torpedoes and mines. This 
effort led to the design and production of homing 
devices which found important Servic^e use. The 
British, likewise, undertook researiih and develop- 
iiKUit in this same field, but the njsults of their work 
apparenth^ found limited Scuvice application. Also, 
the enemy was not idle, for somewhat to our distress 
the Geimans developed an acoustic homing torpedo; 
but, it should be added, reasonably effective (munter- 
measures quite promptly became available — a fact, 
which, incidentally, is very pertinent to future con¬ 
sideration of devices of this type. 

When about a yc^ar ago the plans were laid for the 
Division 6 summary report series, there was proposed 
for this volume material relating to actual structures. 
How’ever, because of pre,ssuro of their other duties, it 
has not been possible for tin! persons competent to 
summarize the mass of material involved to under¬ 
take this task. All of this material has, however, been 
made available to interested Service technical per- 
sonind. Also, suicc; the Division 6 report series was 


planned, the Office; of Research anel Invemtions asked 
for a comprehensive study and report on torpedoe;s. 
As a part of this project there was furnished to that 
offieio a re;port on guided torpedoes, and presumably 
this also is available to interested Service perseennel. 
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in its scope. It inclueles, howewer, as Part I a general 
analysis of the preeblem prejsenited, Principles and Ap¬ 
plications of Acoustic Homing Control to Torpedoes, 
prepared by Dr. W. V'". Houston, and as Part II a re¬ 
port Echo-Ranging Torpedo Control Systems, by Dr. 
V'. M. Albers. This second report is peculiarly ptirti- 
iient a.s it covers the less highly dtweloped method of 
acoi?stic control and one which may hold considerable 
future promise. 

In tin; bibliography appears a li.st of tin; more 
pcntineiit reports prepared by Division 6. 


JoHi^ T. Tate 
Chief, Division 0 


E. H. CoLPriTa 
Chief, Section 6.1 
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PREFACE 


T 


T his EEPOK'r was prepared by the Columbia Uni¬ 
versity Special Studies Group as part of the 
studies made in connection with Projects NO-94, 
NO-149, NO-157, and NO-181, It liovers the sum of 
the theoretical studies associated with the applica¬ 
tion of acoustic control to torpedoes of various kind.s. 
Although some of the theoretical work was done 
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A major part of the report i.s concerned with 
torpedo self noise and its influence on control systems. 
Torpedo self noise appears to be the dominating factor 
that limits tlie use of such control systems so that 
methods for its control must con.stitute the principal 
objective of future research along these lines. 

This report contains reference to specific develop- 
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report, is a compilation of ex]3erimental results and 
theori'tical developments carried on by the various 
other groups comjerned. Some attempt has been made 
to give credit to these groups for their work, but this 
has not been possible in all eases. 


the theoretical principles. Detailed descriptions of the 
various systems that were tried and of their success 
will be found elsewhere, 

W. V, Houston 


Part II 


This report is intended to cover, as far as possible, 
the work which ha,s been done in the din'clopment of 
echo-)’anging control for torpedoes. It is assumed 
that the reader is familiar with conventional elec¬ 
tronic, (iireuits, d'he emphasis, in discussing the vari¬ 
ous systems, i.s on their functional behavior and on 
the details of eireuit design which are unconventional. 

It is important for the readm- to bear in mind the 
fact that all of the sy.stems described, except the 
General Ulectric system, are actually still m the re¬ 
search .stage and the General Electric system is, at 
the lime of preparation of this report,, just in the pre- 
produetioii stage, ddie idiapters covering the various 
British systems are necessarily very brief .since rela¬ 
tively little material is available about them. 

The report is divided into four main parts. The 
first, which is essentially introductory, covers a re¬ 
view of terminology in underwater sound, the nature 
of the problem of echo-ranging torpedo cont rol and a 
general description of the major components in¬ 
volved in ail echo-ranging control systems. Idle 
second and third cover, res]3ectivoly, the systems 


developed for antisubinarine and anti-surface-sliip 
service with a separate chapter devoted to each 
system. The fourth division contains an attempt at 
evaluation of the work which has been done ui) to the 
time of preparation of this report. 

Ill discus-sing each of the .systems a general descrip¬ 
tion i.s first given with a block diagram in order to 
indicate the general principles utilized in the deviise, 
Thi,s is followed, in all case.s where the information is 
available, by a detailed drseussion ol the major 
components of the system with individual circuit 
diagrams of each functional component. 

This report i.s confined chiefly to thi! desoripti()ri.s 
of the electronic gear which is used in the echo-rang¬ 
ing torpedoes since the application has so far been 
almost entirely to existing torpedoes which have been 
adequately dc.scribed elsewhere. Only those physical 
charactenstio„s which determine the behavior of a 
torpedo under eciio-raiigmg control are noted. 

Vernon M. Albers 
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Chapter 1 


OBJECTIVES OF HOMING CON 
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T he modern naval torpedo is a highly eff<!ctive 
weapon by means of w'hich a large explosive 
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hull of an enemy ship. It is distinguished from a mine 
by the fact that it is self-propelled and can be di¬ 
rected toward a selected target. 

Traditionally the torpedo is a weapon of stealth. 
It can be launched several miles from the target and 
travels underwater along its predetermined course. 
In many cases the explosion gives tlni first indication 
of inimediate danger, and it is oftc'ii difficult to d(;- 

leuiiiiie vviieiiiei me hiiip iiLitt ueeii miiiCk 1)3' H lOr- 

pedo or has itself struck a mine. 

However, the surprise feature of a torpedo attack 
is sa(!rlfi(‘ed whcm torpedoes are launched from air¬ 
planes. In such cases it is usually possible for the 
target ship to dct(;ct the launching of the torpedo and 
to take suitable (wasive action. Even in the case of a 
submarine-launched torpedo, the wake produced by 
the ordinary steam-driven weapon and the noise 
made by the driving mechani.sm provide meaits by 
which the approach of a torpedo may Ije detected in 
time to take evasive action. This evasive action usu¬ 
ally takes the form of turning directly tow'ard or 
away from the oncoming torpedo. Such a maneuver 
present,s to the torpedo, or salvo of torpedoes, such a 
narrow target that the probability of a hit is very 
much reduced. Furthermore, since the speed at 
which a torpedo travels may not be much groat<;r 
tiian tiiat of tiie ship, ainiost any turn may up.set the 
ni(!e cahmlations on which the aiming of the torpedo 


wa.s based. 


A simple torpedo is expected to follow a pre.set 
course at a specified depth, and the accuracy with 
which it does so is a measure of the effectivene.s.s of 
the control mechanism. However, in order to deter¬ 
mine what coui’sc to sot, it is neces.sary for the toriredo 
offic'er to know the speed, course, bearing, and range 
of the target ship. The speed and the course are often 
difficult to determine, especially on the basis of the 
restricted view available through the periscope of a 
submarine, so that it i.s not surprising that many 
torpedoes miss their targets, even wdien no cva.siv(! 
action is taken. This fact is so well recognized that it 
is customary to fire salvos of as many as four tor¬ 
pedoes on slightly different courses in order to cover 


the possible error in aim. This method has, of course, 
the additional advantage of being somewhat of a 
eonatermea.sure to evasive action. 

The object of a homing devi('e is to make possible 
a lethal hit by guiding the torpedo to the target in 
spite of the evasive action that may b(; taken and in 
.spite of errors in the original set course of the torpedo. 

A homing device is intended to minimize the eff('-ct 
both of aiming errors and of evasive action taken by 
the target. Such a device makes use of some char¬ 
acteristic property of the target, so that when the 

—UR 
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follows the preset course but is directed toward the 
target. In such a case the torpedo will eventually 
strike the target and explode, unless the speed of the 
target permits it to run away. No evasive action of 
the nature of changes in course is effective, since pre- 
snmahly a torjicdo can maneuver a.s well as any ship 
against which it would be directed. 

A homing device can be associated with various 
types of search procedure. One extreme is illustrat(5d 
by the ExF42 mine and the ExFF3 torpedo. In those 
ca.ses the torpedo is launched from the air or from a 
.submarine and follows a circular path at the .set depth 
until it picks up the target on which it then homes. 
The only information necessary for launching is that 
required to place the tor{)(?do within its operating 
range of the target. This is quite feasible in the case 
of a torpedo launch('d from an airplane against a sub¬ 
marine that has b(!(‘n sighted on the surface, and 
possibly in some cases for a torpedo launched from a 
suhmarine against an attacking surfa(!e vtvssel. 

In most cas(!S, however, the effe(dive homing range 
will be much smaller than the running range, and a 
preset course must be used to direct the torpedo into 
the neighborhood of the target. In this latter ca.se the 
torpc'do is aimed in the usual way and the homing 
mechanism serves to correct the course, if nece.ssary, 
near the end of the run. In this form, the effect of the 
homing device may be described as an enlargement 
of the target. If the homing range i.s 100 yd, the 
effective target may be roughly pictured as extend¬ 
ing 100 yd ill all directions from the point of the 
target sliip on which the device homes. This is, of 
course, only a (Tude way of looking at the matter. 
The effectiveness of each homing meclianism must be 
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worked out on the basis of its own particular pro}>- 
erties. 


Tile effectiveiiesK of a homing torpedo depends 
principally on two features. 

1. The effective homing range should be as great 
as possible and should not be confined to the direc- 
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of limited value, for the torpedo will strike wliat is 
straight ahead of it without any homing mechanism. 
On the other hand, too much homing sensitivity to 
the side may make the torpedo susceptible to certain 
types of decoy. Generally it seems desirable to have 
a long homing range rather uniformly distributed 
ahead of the torpedo. 

2. The turning radius of the torpedo must be suf- 
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radius be shorter than the homing range if it is to get 
around so it can approach the target at all. On the 
other hand too short a turning radius mak&s for in¬ 
stability along the course and leads to difficulties in 
the automatic, steering. The torpedo must be nna- 
neuverable enough so that it c.aii keep pointed at the 
target, but it must also be steady on the desired 


course. 

The advantages of homing d(;vifieif are fairly ob¬ 
vious but it must not be forgotten that there are also 
disadvantages. Among them may be menlioiKKl the 
following six. 

1. The homing mechanism occupies space and 
weight that must be; taken from cither the explosive 
charge or from the fuel supply. The advi.sabilit 3 '- of 
doing this reejuires a careful consideration of all the 
fac.ts, with particular emphasis on the j)roperties of 
the targets against which the weapon Is likely to 
l)e used. 


2. The homing mechanism introduces increased 
complication in manufacture and maintenance. The 
techniques involved in the homing devices may be 
quite different from those normally associated with 
torpedoes, so that a completely new type of training 


may be necessary for adexpiate maintenance! and 
operation. In large-scale planning this may be a very 
significant factor. 

3. To gain an adequate homing range it may be 
necessiiry to operate at a lower torpedo speed than 
would otherwise b(! possible. In the (!ase of acoustic 
Koming it is tKc self iiois6 of th.c torpe^do tliiit usutiily 
sets the limit to the homing range, and this noise in- 
creas(!s rapidly as the torpedo speed increases. It 
must then be, decided whether the necessary decrease 
in speed is justified by the advantages of the homing 
property. This decision involves a knowledge of the 
speed of the expected target ships, since obviously it 
would be useless to use a torpedo too slow to reach 
the target attacked. 

Vv rtiwi rv fir Q cjy"»tvv of lyvv rto t 
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cause the torpeilo to strike different parts of the ship. 
An acoustic torpedo that operates by listening tends 
to end its course in a stern chase and to strike near 
the propellers. An echo-ranging torpedo may, under 
some circum.stances, tend to strike near the bow. 
These points of impact may not always be satisfac¬ 
tory since, althougli a hit on the propellers may be 
disabling, it may not be correct to assume that the 
ship will usually sink. 

5. Most homing devices art! subjeiit to some form 
of more or less effec-tivc countermeasure which, if 
used, may make the torpedo less likely to hit the; 
target than if the homing devi(!e had not been 
present. 

6. Horning devices may limit the number of tor- 
pt!does W'hich can be fired simultaneously without 
mutual interference. This is particularly true of 
acoustic listening torpedoes that may have a con¬ 
siderable homing range on each other. 

In spite of these limitations it appears that the 
homing devices now known are definitely an advan¬ 
tage to the group using them since, in general, the 
number of torpedoes tliat must bc! launched to make 
a hit is markedly rexlueed. 



Chapter 2 
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y AKiOUS TYPES of homing control have been sug¬ 
gested. Radio control would be convenient be¬ 
cause of tile extensive development of radio tech- 
nique.s. However, no radio waves of usable freqiumcy 
are known that will penetrate water more than a very 
short distance. For this reason such a torpedo would 
hav(; to be equipped with an antenna projecting out 
of the water. Such an appendage would seriously 
hamper the motion and steering of the torpedo and 
docs not seem to be very practicable. On the other 
hand, torpedoes have been built with such antennas 

tVioTT’ f»nn Ko rrtrliA-rinnfrrtllorl l<»iTni^}nr»*p 
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plane. However, they have not been extensively used. 

Magnetic c.ontrol has been suggested and may be 
practicable, but the inten.sity of the magnetic dis- 
turbanc.c due to a target sliip falls off so rapidly with 
distance that it seems very doubtful if homing ranges 
as great as 100 yd could be obtained. However, if 
countermeasures against acoustic homing devices 
appear to be highly effective, the development of 
magnetic homing may be justified. 

It has also been suggested that some method of 
following up the wake of a ship could be used to pro- 
<luce a homing control. It is possible tliat such a de¬ 
vice would operate satisfactorily, but its ta(!tical use¬ 
fulness would be somewhat limited. It would have to 
b(i fired so as to come in contac.t with the wake at 
some point not too far behind the ship, and it coukl 
not be used against a stationary ship. Furthermore 
in the case of a maneuvering target, the wake might 
be such a complicated affair that it would be difficult 
to follow. Nevertheless such a honiing device may 
have its uses, although it has apparently not been de¬ 
veloped sufficiently so that the results of extensive 
field tests are available. 

The most promising type of homing control, and 
the one that has been the object of extensive study 
and development during the past four years is acous¬ 
tic. Sound travels in water without too much attenu¬ 
ation as long as the frequency i.s below some 60,000 c. 
Although the ocean is not a homogeneous mediimi, 
and the sound traveling in it may be reflected, re¬ 
fracted, and scattered, somid signals can be sent for 
appreciable di.staiices. For about thirty years sonic 
methods liave been used for locating .submarines, for 
communicating between submarines, and for com¬ 
municating between submarines and surface ships. 


In this enmicction much has been learned about tlio 
propagation of sound in .sea water, and during the 
last few y(!ar.s this study, and the study of acoustic 
homing devices, 1ms been carried to such an extent 
that it is possible to lay down in a general way the 
possibilities and the limitations of acoustic homing 
devices for subsiu-face use. This is not to say that no 
more research is needed, but the lines along which 
research needs to be done can be pretty well laid 
down. 

Methods for sonic location of a target can be di- 
vid6(l into two cl3,ss6s iiiid hoiTiing dovic.i'S btisod on 


each have been built. 

1. Echo ranging. Tliis is a method of determining 
the direction and distance of a reflecting body by the 
echo it sends back in response to a sound signal. The 
homing device must then re.spond to the echo in 
such a way as to direct the toriiedo toward it. 

2. Listmiing. In thi.s method the sound travels in 
one direction only. To operate a listening method of 
homing control the target must produce noise. Thi.s 
noise is then picked up by the homing device', which 
determines the din'.ction from which the signal is 
coming and directs itself toward the target. 

Both of the above methods have been triesd for 
homing torpedoes and have beem shown to work sat¬ 
isfactorily within certain limits. The listening method 
is the simpler, not only in its acoustic and electronic 
gear, but in the application to the torpedo controls 
of the information received. On the other hand it re¬ 


quires that the target ship make some noise in the 
adopted frequency range, and hence it is ineffective 
agaiii.st a ship at rest and quiet. In connection with 
torpedoes for use against submarines, it appears that 
a submarine at considerable depth makes prac.tically 
no noise, since the cavitation of its propellers is sup- 
Iiressed and it may be very quiet in the frequency 
ranges normally used. In addition, a listening device 
may be countered by the operation of a strong source 
of noi.se at a distance from the target ship. Such a 
decoy can be built to simulate a ship’.s noise very 
clo.sely. 

The eiiho ranging type of homing control is effec¬ 
tive agiiinst a stationary target as well as a moving 
target, and would be effective against a deeply sub¬ 
merged submarine. To coimter it appears to require 
.some method of producing false echoes such as an 
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echo repeater. It is, however, more complicated iu 
construction and the exact extent to which it is effec¬ 
tive has not yet been determined in operational use. 

The operation of either type of acoustic homing 
torpedo is limited by the c'onditions of the water. For 
the ranges normally under consideration, 100 to 
1,000 yd, this is only serious under the worst condi¬ 
tions. Neverthelass it appears that such regions as 
Chesapeake Bay in the summer are so bad that echo- 
ranging operation over as much as 500 y(i is im¬ 
probable. Although both typevs of homing control are 
limited by refraction of soimd hi the water, the echo¬ 
ranging typo is, in addition, seriously handicap{3ed 
by reverberation and false (-chocs. Echoes from the 
bottom are so serious that satisfactory operation in 
shallow water is unlikely, and even reflections from 
the surface may occasionally be troublesome. 

The operating range of any acoustic torpedo is 
most seriously limited by the torpedo self uolsc-. Tliis 
noise may be generated in the wat('r because of cap¬ 
tation of the propellers, cavitation on various parts 
of the body, and other causes, or it may be the noise 
made by the torpedo machinery, Tho noisti due to 
cavitation can be reduced or eliminated bj^ rumiing 
the torpedo at a sufficiently great depth of submer¬ 
gence, If the torpedo is to be used as an antLsub- 
marinc woai)on this is no additional complication, 
but if it is to be used against surface ships, the neces¬ 
sity of arranging for the t<)ri)edo to rise in the proper 
way to strike the target introduces numerous prob¬ 
lems. 

In any case the torpedo self noise incre.ases with its 
speed, and it is probably safe, to assert that the 
acoustic operating range of a high-spcc-d torpedo can 
never be made so great as that of a slcwcT torped(j. 
Neverthedess it may still be great enough to be use¬ 
ful. A high-si)eed torpedo is needed only in case the 
target is a high-sjx^ed vessel. The high speed of the 
target causes it to produce more noise than a lower- 
speed vessel and so to some extent counteracts the 
iiiciCtiiscd. jsclf noij^.6 of th.6 torpodo. Tills ‘idvHiittXj^c 
does not accrue in the case of an echo-ranging control 
where, tho range is not increased by an increase in 
target noise. 

The study of torpedo self noise and of means for 


reducing it constitutes tiK-, ptineipal line of eiTort in 
the improvement of acoustic homing torpedoes. Two 
lilies of attack arc possible. One is the reduction of 
the nois(‘, at its source. This involves a study of pro¬ 
peller design and the general overall shape with the 
object of (Jimmating cavitation and reducing other 
types of water noise. It also involves the reduction 
of internal machinery noise due to gears, flow of high 
pressure air, and motion of high-speed parts. 

The other line of attack is the attempt to reduce 
the hydrophone response to the noise that exists. 
This involves the selection of hydrophone.s whose 
dire(!ti\nty pattern is such that there is very little 
respoiLse to cavitation and other noise produced in 
the water. It also involves mounting the hydrophone 
in such a way that vibrations are not pickc^d up from 
the body of the torpedo itself. In addition it may be 
helpful to modify the torpedo structure; at various 
points in ord(;r to reduce the transmission of sound to 
the sh(;ll and through it to the hydrophones. 

Much work has already been done along these 
lines but much more remains to be done before; tho 
best practical aiioustie homing torpedo can be built. 

A consideration of the importance of torpedo speed 
in reaching the target, and of .self noise in reducing 
the homing range suggests that the ideal torpedo 
would have at least two, and po.s.sibly three, speeds. 
The maximum speed would be u.sed for attacking the 
fastest ships. The self noi,se of the torpedo would be 
fairly high but the high noise of the target ship would 
override this in a listening torpedo, and in an ecdio- 
raiiging torpedo some reduction in range would have 
to be accepted since the torpedo must have enough 
.speed to catch the target. 

Against lower-speed targets a lower torpedo .speed 
could be used. The speed-changing mechanism would 
also increase the acoustic .semsitivity to make use of 
the rc-ducc^ .S(;lf noise and so keep the effective acous¬ 
tic range from being seriously reduced by the re¬ 
duction in target noise. 

U SPpTTmnnscmio th.it /'Qr^ifnl anlriofm'n /a-F ^rori- 

^ 1^01 X./* v. \-’L4lX U.J. kJK.fXk .fX.1 oxxyxx V^X lJXX\y VXXlXX 

ous speeds and the best utihzation of them might 
lead to the specification of an almost universal tor- 
I)edo for use from submarines and possibly anothe,r 
for u.se from airplanes. 





Chapter 3 

GENERAL OBSERVATIONS ON TORPEDO SELF NOISE 


^ I OPEEATE properly, tin tnioustic torpedo rnust 
A distiiigtiish botwoiiii tile Kigiitil on wlinih it IS ex- 
poct(;d to stiver and other iioisns that may be firesent. 
These other noises may be in the surrounding water 
or they may be in the torpedo itself. Careful measure¬ 
ments, made by the Bidl Tidtiphone Laboratories 
[BTL] in rather deep water, indieatii tliat far away 
from the shore the water background noise is princi¬ 
pally due to surface disturbances such as whitecaps. 
It was found that when no whitecaps were present, 
the noise level at 25 kc was as low as —74 dbs,“ 
while with many whitecaps it was as high as —50 dbs. 
Heavy swells seemed to have no effect in producing 
noise. 

Water noises provide a limit Indow which no ac.ous- 
tic torpiido can be expectiid to operate. However, if 
the water noise is isotropic, i.e., if it comes iiqually 
from all directions, a directional hydrophone will re¬ 
spond to it very much less than to a plane wave com¬ 
ing along the direction of maximum sensitivity. The 
difference in respon.se to these two types of .sound is 
just the directivity index of the hydrophone. Becau.se 
directional hydrophones are normally u.sexl, a.s weU 
as bccaus(.i a torpedo is normally a rather iioLsy ma¬ 
chine, the water noise is usually well below the tor- 
fiedo noise and can be neglected. 

3.1 IMPORTANCE OF SEI.F NOISE 

This noise of the torpc.do itself, as it affects the 
hydrophoiKiS in the torpedo, is normally the rao.st 
important limiting factor in the operation of an 
acou.stic torpedo. This is quite clear in the «i.se of a 
torpedo that li.steiis to the noise of the target ship. 
A torpedo has mo.st of the characteristics of a ship, 
e.specially a .submarine, on a small scale; and it is not 
likely that any significant difference in ipiality wiU 
exist between the noise of the target and the noise of 
the torpedo. Hence the discrimination must be made 
on the basis of intensity alone. When this is done, it 
is a fair general statement to say that acou.stic con¬ 
trol can be expected only when the root mean .square 

“ The abbreviation “dbs” signifies decibels spcctruiii level 
and refers to the intensity of the. noise in a frequency band 
I c wide. The reference intensity is that corresponding to a 
root mean square pressure of 1 dyne per sq cm. For a discus¬ 
sion of terminology and reference levels in sound measure- 
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ter 4, “Types of Aeoustie Measurements.” 


[|rm.s] value of the target noi.se is equal to or greater 
than the rms ri'.spoiisi'. of the hydrophone to the tor¬ 
pedo self noi.se.’’ Sometimes it is possible, by sfiecial 
arrangements, to recognize a slightly lower signal, 
but frequently it is considered that operation is re¬ 
liable only when the signal is somewhat above the 
self noLse. Nevertheless, the above statement is a 
sati.sfactory rough criterion for estimating the ac.ous- 
tic operating range of any listening control. 

A possible exception to th('. general statement may 
be the ca.se in which the target noise is strongly mod¬ 
ulated with the period of the propeller blade fre¬ 
quency. Since the toj) of a large ship propeller is 
ncanir the surface of the water than the bottom, 
(sach blade may have its maximum cavitation a.s it 
paa.scs through the top position. Since such propellers 
usually have a much smaller rate of rotation, the mod¬ 
ulation frequency is lower and the target noise, may be 
identified at a slightly lower level tlian indicated. 

With ail echo-ranging control the problem apfiears 
at first to be a little different. It may be possible to 
impose on the emittiid signal such a cliaracter that it 
can bo detected in the presence of noise. However, 
the advantage to be gained by this method is dis¬ 
tinctly limited because the target is rarely a plane 
reflecting .surface. In general it is made up of a num¬ 
ber of .surfaces and the result of their joint action 
tend.s to destroy the character of the incident ping 
and make it more like noise. 

HeiK!e for both types of acoustic, control, it may bo 
.stated as a general aiiproximate rule tliat for succ(',ss- 
ful operation the rmts response of the hydrophones to the 
torpedo self noise- must- he less thoM-, or cil- tn-osl- eQu-al to, 
the rtns response to the signal from the target. 

Since in a listening torpedo the .signal strength is 
fixed by the iiaturi; of the target and in an echo¬ 
ranging type it is not practical to increase the signal 
strength indefinitely, attention must be given to re¬ 
ducing the response of the hydrophones to the tor¬ 
pedo self noise. The condition is worded this way be¬ 
cause it can be accomplished by (1) reducing the 
loxroi Q-f t,li0 ii()iH0 Riiid. (2y roducin.^ tfii© 

sensitivity of the hydrophones to the predominant 
sources of noise. In order to apply either of these 

There is a possibility that characteristic modulations of 

nnioa TYitu/ Eli TYr-a'gfinf wLi'pVi pnnl /1 ho ii«orl tn orivp nHflpfl 

ditscrimiiiation. 
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mothods, it is important both to identify the souwes 
of noise and to study the means by which the noise 
is transmitted to the hydrophones. 

3.2 EXTERNAL MEASEREMENTS OF 
TORPEDO NOISE 

The simphist way of getting a preliminary estimate 
of torpedo uois(; is to measure! it with a hydrophone 
fixed in the w'ater, as the torpedo runs past. Po.s.sibly 
the principal difficulty in such a measurement lies in 
determining with sufficient accuracy the eiistanee 
between the hydrophone and the tor^Mido that corre¬ 
sponds to the measured noise levels. Nevcrth»!l(!ss 
measurements made in this way serve as a .starting 
point for the general stiuh" of the problem, and in 
fact observations of different observers show' a re¬ 
markable amount of agreement. 

Figure 1 shows a series of curves based on the 
mca.suromcnts of a number of different observers.' 



FREQUENCY IN KC 

Fi(}uke 1. Noise level measurements on variou.s torjx;- 
does at a distance of 0 metcisi. Tliese curves represent 
averages of a number of observers. 

Although the observers differ somew'hat among them¬ 
selves, and m all proltability the condition.s of meas¬ 
urements were not identical, there is sufficient agree¬ 
ment among them to permit drawing the rough 


av'crage curvets shown in th(! figure. From the.se 
curves a numl^er of conclu.sions can he drawn. 

1. Fridividual differences between different kinds 
of torpedoes seem relatively insignificant. In par¬ 
ticular the Mark 18 electric torpedo is no quieter 
than the Mark 13 turbiiie-<lriven torpedo. 

2. It is po.ssible to plot a curve of torpedo noise as 
a function of speed at a given depth. This is dE)ne in 
Figure 2 which show's the noi.se level, at 25 ke, as a 
function of speed for torpedoes running 12 to 15 ft 



SPEEO IN KNOTS 


riGVKE 2, curve of noise level at 26 kc as a function 
of speed, for an “ideal” torjxrdn. The poitits indicated 
were taken from the curves in Figure 1. 

deep. A smooth curve draw'n through the.se points 
may then be regarded as the noise-spc(!d curve of aii 
idealized torpedo, and it seems po.ssiblc to discuss 
the properties of this ideal tor]3edo. This lumping of 
ail torpedoes together must he viewed with some 
caution. TIk! obs(!rvations used refer to British, 
American, and one German tori)edo only, and it may 
be incorrect to extend the gcn(!ralization to other 
foreign tor|X!does. It is possible tliat the British and 
American trends of development have been .such as 
to lead to torpedoes that are very similar in their 
noise characteristics above 10 kc. I’igure 3 shows the 
(!urve of Figure 2 with a large number of individual 
observations indicated. This shows that the disper¬ 
sion of the measurements on any one type of torpedo 
is at least as great as any possible difference.s between 
diffcrc.iit tor^Kjdoes. It is (ilear that the curve drawn 







KXTKRNAL MEASUREMENTS OF TORPEDO NOISE 


is not tlia orw! that, would be drawn through the 
points if they were all given equal weight. However, 
if the observations for the same type of torpedo are 
first put together as for Figure 2 the fit is fairly good. 


E 

o 

o 





Fiottiie This curve is the same iis iti Figure 2 but 
tlie points represent a number of individual observa¬ 
tions. The distribution of these points gives an idea 
of the extent of agreement between different observem. 
The curve is not intended to be the best curve through 
the points but is based on illustrative assumptions used 
in Chapter t). 


3, This ideal curve of noise at 25 kc scorns to rise 


rather rapidly between 20 and 30 knots and there¬ 
after to ris(i more slowly. As will be indicated in the 
next chapters this rapid rise probably represents the 
development of propeller and other cavitation, which 
is the dominant .source of noisr' in this region. Above 


30 knots the machinery noise becomes dominant 


agiiin and continues to rise, while the cavitation 


noise remains constant or even falls off a little. Below 


20 knots it is firobable that individual differences 
Ixdween torpedoes make it more difficult to make the 
.s£imc kinds of generalization. It is also probable that 
at lower frequencies the individual characteristics of 
torpedoes are more significant. 

4. The noise level of all torpedoes seems to fall off 
roughly 6 db per octave. Tliis indicate.s that tlie 
noise is invcnsely pro|K)rtional tt) the square of the 
frequency, above 10 kc. This again is in rough agree¬ 
ment with observations on ships, so that there is 
prohabl}’^ no advaiitage from this point of view in 
selecting one frequency rather than another. Al¬ 
though the self noise falls off as the frequency is in¬ 
creased, the target noise, for a listening torpedo, falls 
off also, and at about the .s.ame rate. Two other fac¬ 
tors, however, need some coti.sideration. One is that 
the hydrophone discrimination to be discus,sed in 
Chapter 6 probably in(!rea.se.s as the frequency rises 
so that the use of a Ingher frequemiy may p7’oduce an 
improvement in signal-to-noise ratio. On the other 
hand, the attenuation increases rapidly with fre¬ 
quency from .somewhere around 4 db per kilometer 
near 25 kc to around 14 db per kilometer near 60 kc, 

The qiie.stion of the best frequency to use; has not 
beim at all thoroughly inve.stigated. In the following 
discu.s.sion of self noise attention will be centered on 
the 25-kc region, siiu-e most of the work has been 
done there. 





Chapter 4 

CAVITATION AND CAVITAITON NOISE 


4.1 TTIE NATURE OF CAVITATION 

T he phenomenon of cavitation gets its n-anie from 
the fact that tlairc is a production of actual cav¬ 
ities in the water. There may be a f(!w larger cavities 
or a large number of very small cavitic^s, (ither at¬ 
tached to the surface of moving bodies or frese hi the 
wat(;r stream itself. Noise is nearly always associated 
with the phenomenon of cavitation. The; exact mech¬ 
anism is still ohscure, but either the production of the 
cavities, the vibration of the cavities, or possibly the 
collapse of these cavities a.s they move into a region 
of higher pressure provides one of the mo.st important 
sources of the underwater noise associated with a 
torpedo. For tiii.s reason, it is iiiiportaiit to hav’'e some 
knowledge of thi; conditions uiid(;r wliiih cavitation 
occurs. 

Cavitation i.s essentially a phenomenon of liquids. 
It occurs at point.s in the liquid where the pressure of 
a perfect incompressible fluid would become nega¬ 
tive. In reality, it i.s only necessary that the prcs.sure 
fall below the vapor pressure of the liquid, for then 
the liquid opens up in small cavities that are immedi¬ 
ately filled -with vapor. On this picture, it is clear 
why cavitation dee.a not occair in gases. If an attempt 
is made to reduce the pressure of a gas below zero, 
th(! gas merely expand,s. No matter how much the 
volume is enlarged, the gas continues to expand and 
fills the whoh; available space. Water, on the con¬ 
trary, docs not expand v(!ry much when the pre.s.sure 
is reduced, but instead it evaporates to fill the avail¬ 
able voluiiK; with water vapor. In many cases the 
pressure of water vapor is in.significant compared 
with other pressures involved. In smdi cases the 
vapor pres.sure may be neglected, and it may be con¬ 
sidered that an attemivt to reduce the pniSiSuin of a 
liquid below zero re.siilts merely in the creation of a 
vacuum.”' 


4.1.1 A Simple Case of Cavitation 

A simple case of cavitation can Ik; obs(;rved when 
water flovv,s through a tulre of diminishing cross sec- 

” It is true tliat under suitable conditions, liquids sucli as 
water can support a considerable tension. Linder the ch’cum- 
stancos with which we are concerned, however, in which the 
water is not particularly pure and in which solid surfaces are 
moving through the water, this possibility of tension may he 
ignored, and it may bo considered that a reduction of pressure 
to i,ho vapor pre,ssure of the water or below will always result 
in cavities. 


Kronn sei'tioii IS diinvni.shiiig, the 
velocity of the water is increasing and, according to 
B<;riiotilli’s theorom, 


-p -\- ^pv'^ — comstant. 


( 1 ) 


The pressure must deerea.se a.s the cross section di- 
mimslies beiiau.se the iiressure must decrease as the 
velocity iiuireases. In equation (1) the pres,sure is 
rneasiired in jiounds per square foot, the den.?ity in 
slugs per cubic foot, and th(; velocity in feet per 
second. In th(;so units, the density of water is ap¬ 
proximately 2, so that a velocity of 50 fps corre- 
.spoiids to a reduction of pressmo of about 2,500 p.sf, 
or m.ore than an atmosphere. If the priissurc; is one 
atmosphere where the water ha.s a negligible velocity, 
cavitation will occur down the stream where the 
velocity approaches 50 fp.s. 


4.1.2 Vortex Cavitation 


Another situation under which cavitation may 
occur is associated with rotational motion of the 
water and the accompanying centrifugal forc(!. As 
an illustration of the kind of thing that can occur, 
one may corrsider a simple vortex, at the center of 
which pressure will be a minimum. Thi.s can be un¬ 
derstood by con.sidering an idealized vortex consi.stiiig 
of the rotation of a cylindrical volume of water whose 
radius is U, at a constant angular veUxaty to. The 
velocity at any point inside the cylinder is then 
given by 


V = uir. 


where r is the distai 1C6 frOiTi tli6 CGil ter of the cylin¬ 
der. Oubside of thi.s cylinder the motion is “irrota- 
tional,” even tliougli tlie water is moving about the 
central cylindrical core. Thi.s i.s po.s.sible if the velocity 
is inversely proportional to r. These two motions give 
the .same velocaties at the radius R, if the con.stants 
anr properly selected. Hence let us assume that 


for r < R, V = wr 




lOT r > R, V ^ -- 

r 27rr 

The sigiiificaiit measure of the strength of this vortex 
is the quantity K that is called the circulation. 
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II 


Outside the central cylinder of radius R thc! motion 
is “irrotational,” and Bernoulli’s theorem can be 
used to determine the pressure in terms of th(^ pres¬ 
sure, at great distances from the vortex. This leads to 


p = = Pa, — 2\2v/ 


2\2 




For r < R, the analysis shows that 


whence 




V 


At the center of the core the {)r(;ssure is 

""■'’•“'Y/f)’' 


( 2 ) 


Thi.s pressure depends both on K and R. It depends 
both on the strength of the vortex K and the extent 
of the vortex R. For a given value of K, the pressure 
becomes lower if R is made smaller. It is clear from 
this form of expression that it is quite possible for the 
pressure Pu at the center of the vortex to become 
negative, and hence for the.se equations to fail to 
describe the physical situation. Under such condi¬ 
tions, a cavity will open up at the center, and cavita¬ 
tion will occ.ur. Figure 1 shows the way in which the 



FittuBE 1. Speed of the water and the pressure plotted 
as a function of the distance from the center for an ideal¬ 
ized vorte.x of a simple type. 

pressure and the velocity depend on the distance 
from the center of a simple vortex of this kind. 

The importance of (javitation in a vortex, when 
considering the sedf noise of a torpedo, comes from 
the fact that a trailing \mrtex is left behind the tip of 


a propeller that is driving a torpedo through the 
water. If the circulation around this vortex is great 
enough, or if the vortex i.s concentrated enough 
{R .small enough), cavitation will occur and will be a 
serious source of noise. Since the magnitude of the 
propeller thrust is associated with the circulation K, 
the only way to avoid cavitation and to maintain the 
thrust is to shape the prop(!ller blade so that the 
vortex is not shed in a concentrated form but is 
spread out ov'er a con.siderablc volume. This means 
that the vortex will have very little similarity to the 
simple type of vortex described here, but will be much 
more coiiiphix. Nev^ertheless, the principle involved 
is that illustrated; since the vorticity cannot be re¬ 
duced without reducing the thru.st, efforts to reduce 
the cavitation of the propeller by suitable design 
must be directed toward getting the vorticuty to 
occupy a volume greater than some minimum vol¬ 
ume. A somewhat intensive; study of tliis problem 
luis been made at the Harvard Underwater Sound 
Laboratory [HUSL],®^ 

Figure 2 shows a test prfiptillcr in a water tunnel at 
the David Taylor Model Ba.sm [DTMB]. The cavi- 
tatiiig vortices from the propeller tip.s can be clearly 
S(!on extending in lielices down the stream. Only be¬ 
cause the vortex is cavitating can it bo seen. 

1.].;$ Body Cavitation 

When a solid body is moving tlirough the water 
with a velocity V, the speed of the water with refer¬ 
ence to the body has a varic;ty of values at various 
points and at some place-s i.s consid(;rably higher than 
V. At such points the pressure is lower than in the 
free’ water and may become low enough to initiate 
th(! phenomenon of cavitation. In this way, cavita¬ 
tion iiuiy occur in the neighborhood of a torpedo 
niovmg through the water quite apart from the cavi¬ 
tation that may (;xist in the propeller tip vortices. 

As an illustration, consider the ease of a sphere.^ 
Tliis is simple enough so that the flow of peifect 
fluid around it can bo calculated. If the sphere is con- 
sid('r€Ki to be r6?t 3,ud. the fiiLid to b(> iiioviiig p^ist 
this with a velocity F, the velocity at a point in the 
fluid outside the sphere is 



Tile polar coordinates r and 6 are based on the center 
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of the sphere as the origin and the direction of flow 
as the polar axis. R is the radius of the sphen;. 

It follows from the.se equations that the point of 
maximum velocity is at the, surface, of the sphere, 
r = H, where 0 = 7r/2. At this point = 9FV4. 

I ’ll i-4T\ «i Tic»T»Tl rtll II i fV^ 

I IlCli tAI AyCJl 4A1H lA/ J_Jd I i V Hill LI H^i-fic-illj 
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V + 

o 

and 

p = Po=-'^pP- (4) 

O 

This gives tin; pressm'e around the equator of the 
sphere in hnms of velocity V, as long as the motion 
of the water is described by the above expres-sion. 
When tin; vadocity is large <niough, .so that p becomes 
equal to the vapor pressure of the water, or approxi¬ 
mately i!(;ro, cavitatioTi will occur around the etiuator 
of the, sphere. If the velocity is increased still further, 
the cavitation .spreads ()V{n' more and more of the 
sphen;, and the equation (ua-ses to give the correct 
description of the velocity of the waiter in the cavi¬ 
tation region. The type of calculation just indi(!ated 
often servos to indicate the velocity at ivhich cavi¬ 
tation will set in, but it does not serve to describe the 
further d('.velopment of the phenomenon and the eii- 
largem(inl of the cavity. 

1,1.4 Cavitation Coefficient 

If T’„ is the velocity at which the captation just 
begins, the cavitation properties of the body irmy be 
described by a (aivitation (ioefEcient Kc. From ecfua- 
tion (4) de.scrihing the pressure around the .sphere, 

^.-^=W.^1.25. 

W r < 

This value of = 1.25 may be regarded as a state¬ 
ment of Ihe susceptibility of the etpiator of the sphere 
to cavitation. It is important to notice that is the 
velocity of th<'. whole water strenm with reference to 
the sphere and not the velocity of the water at the 
point where the cavitation begins. 

Calculations of this type have been worked out to 
gh^e the critical values of K,, for a iiiunher of different 
shape.?. For ellipsoid.? of revolution whose major and 
minor axes are a and b, the following vahio.s were 
found to hold. 

a K, 

h 

1 1.25 

2 0.45 

3 0.20 

4 0.19 


In addition the value for a .simple, “half streamline” 
body turns out to he 0.33. These results indicate that 
in genenal, cavitation occurs more rtaidily around a 
blimt body than around a somewhat pointed body. 

4.1.5 Propeller Blade Cavitation 

A similar type of cavitation may also occur on the 
hladts of a propeller, since tiiese blades move through 
the water with a velocity considerably higher than 
the forward motion of a torpedo itself. A prop(;ller 
blade is essentially a short hydrofoil moving through 
the water with a certain angle of attack, so that the 
pressure is increa.sed on its face and decreased on its 
back. As the speed increase.?, this decrease of pres¬ 
sure hec^oines greater and greater and may eventually 
prodirc.c a pressure as low as the vapor pressure or 
low’er. Under these (!ireum.stances, cavitation sets in 
as usual. This type of cavitation has been known for 
some time in comicction with propelhns, becau.se it 
seriously reduces the efficiency of the propeller. The 
pressure of the w'atcr at .some distance from the pro¬ 
peller blade provichis a limit to the pressure reduc¬ 
tion on the hack of a propeller blade. If this limit is 
readied at one point on the surface of the propeller, 
further increa.so in propeller .speed produces le.s.s addi¬ 
tional thrust than it would otlnirwisc do. 

It is not difficult to calculate the pressure distri- 
hutioii over simple hydrofoils, but it is .somewhat 
more difficult to make the calculation for an actual 
propeller. Nevertheless, after a propeller is built, it 
is possible to test it for ca vitation and to observe the 
condition.? under which the phenomeiioii occurs. 
Cavitation is of importance in ordinary propellers 
because of its effect on propeller efficiency, but it i.s 
far more important in the case, of ac.oustio torpedoes 
because of the noise t hat it yiroduccs. This has led to 
an increased iiitere.st in tiie study of this pheiiomerioii 
and of method.? of redmnng it. As will be shown later, 
however, to eliminate tin; noise it seems nec.essaiy to 
essentially eliminato the cavitation, not imu'cly to 
r(;duce its amount. 

4.2 OB.SERVATIONS OF CAVITATION 

Figure 2 show'.s the way in ivhich propeller tip 
cavitation can be observed in a water tnniiel. If 
cavitation doe.s not apyjoar under normal operating 
condition.?, it can usually be brougiit about by in- 
crea.sing the y)roy)ell(!r loading or reducing tin; water 
pres.sure. 

UxteiLsive ()bs(;rva tions of body cavitation have; been 
made, in the High Speed Water Tunnel at the Cali- 
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fomia Institute of Technology [CIT].^ A small body 
of the shape to be studied was placed in the water 
stream and observed visually. Both the velocity of 
the water and its pressure could be varied, and it was 



Fiocre 2. Photographs of a propeller in a water tunnel 
at the David Taylor Model Basin showing the cavitat- 
ing vortices trailing from the propeller tips. 

shown that a cavitation coefficient Kr, as defined 
above, could be attributed to various points on the 
body and would describe the conditions under which 
cavitation would appear. 

In a slightly different sense a cavitation parameter 
can be used to describe the conditions under which a 
body is moving, or the conditions in the water tunnel. 
In this case the velocity is just the existing velocity. 
It can then be said that cavitation begins at a certain 
point on the body when the cavitation parameter is 
decreased below the value of the cavitation coeffi¬ 
cient at the point. 

Observations on a sphere gave K = 1.2 as the 
point at which cavitation first set in. This is in ade¬ 


quate agreement with the calculated value 1.25. On 
a cylindrical body with a hemispherical nose, cavi¬ 
tation was observed for K about 0.75. This observed 
value of 0.75 indicates that a torpedo of this shape 
running 15 ft deep, where the pressure is approxi¬ 
mately 3,000 psf, would begin to cavitate at speed 
around 68.9 fps, or approximately 38 knots. 

Since it may well be desired to run acoustic tor¬ 
pedoes at speeds greater than 38 knots, and possibly 
at depths less than 15 ft, it is important to have nose 
shapes that do not cavitate so easily. A number of 
other shapes were tried in the Water Tunnel, with 
the following results. 


Hemisphere 

Xose length 
Body diameter 
0.50 

K. 

0.89 

Ogive 1.125-cai radius 

0.94 

0.41 

Ogive 2.0-cal radiu.s 

1.33 

0.33 

Ellipsoid 

0.75 

0.48 

Ellipsoid 

1.25 

0.30 

Half streamline wit h quartic transition 
curve 

1.25 

0.35 


It must be noted that these values of the cavita¬ 
tion coefficient apply only when the torpedo is travel¬ 
ing in the direction of its axis, i.e., when the pitch 
and yaw are zero. At other values of the pitch and 
yaw cavitation tends to set in earlier. The elongated 
no.ses, in particular, are especially sensitive to yaw 
angles. Furthermore, other points on the torpedo 
show more pronounced tendencies to cavitate than 
the nose. In particular, the fins of the Mark 13 tor¬ 
pedo show a critical value of Kc = 0.93 at zero yaw, 
and A'c =1.6 at 4 degrees yaw. Hence the problem 
of designing a torpedo to travel at high speeds \vith- 
out cavitation presents a number of difficulties. The 
torpedo will nearly always yaw and pitch to some 
extent, and it will certainly travel with a yaw angle 
if it is expected to turn in a small circle. Those shapes 
that tend to postpone cavitation to high speeds when 
traveling in a straight line tend also to produce cavi¬ 
tation easily when moving at an angle to their axes. 

Observations were also made at the High Speed 
Water Tunnel concerning the cavitation on an airfoil 
section.’ They show quite clearly the dependence of 
the critical cavitation parameter on the angle of 
attack, and hence on the thrust exerted by a pro¬ 
peller. 

Studies have also been made by HUSL of propeller 
cavitation in a model propeller tunnel. This work 
showed that the incidence of cavitation could be 
described in terms of a cavitation parameter in the 
same way as cavitation about a torpedo nose. There 
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are various cavitation parameters that might be used 
in connection with a propeller. One of these uses the 
propeller tip speed as the significant velocity. On the 
other hand, it is true, of course, that those parts of 
the propeller blade close to the axis do not have so 
high a speed as the tips and hence the speed of the 
hydrofoil section is not always the same as tip speed. 
Another method is to use the forward speed of the 
propeller through the water. This at least is the same 
for all parts of the propeller and is roughly propor¬ 
tional to the propeller tip speed. It is probably of 
little importance which cavitation parameter is used, 
as long as its significance is recognized. If the forward 
speed through the water is used, cavitation will occur 
at rather large values of the cavitation parameter, 
because the propeller tips wall be moving at a con¬ 
siderably higher speed than the speed used in the 
parameter. 

The HUSL observations indicated that propeller 
tip cavitation usually set in first, and that later cavi¬ 
tation on the blades could be observed. Similar ob¬ 
servations have been made at the DTMB propeller 
tunnel. 


4.3 NOISE DUE TO CAVITATION 


The principal importance of cavitation in the de¬ 
sign of acoustic torpedoes is due to the noise pro¬ 
duced. It is now quite clear that cavitation, even 
barely incipient cavitation, is a major source of noise, 
but the detailed mechanism of its production is not 
at all clear and much work remains to be done before 
quantitative relationships can be established between 
the intensity and character of the noise and the 
properties of the cavitation. 

When the work on underwater sound was first in¬ 
augurated in the University of California laboratory 


jint Loma, some pr 
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was started at Berkeley.^ It was hoped in this way to 
get some general indication as to the way noises are 
produced under water. The general conclusion was 
that the noise associated with breaking the surface of 
the water or with cavitation was greater in order 
of magnitude than that produced in any other way. 
The noise produced by moving rough surfaces 
through the water was almost negligible compared 
With that due to any kind of a surface disturbance. 
This is in conformity with general observation that 
ambient noise in the sea increases sharply as white- 
caps appear.® 

In an effort to make a start on a study of the rela¬ 


tionship between cavitation and noise, a hydrophone 
was installed in the High Speed Water Tunnel at 
CIT. With this hydrophone, observations were made 
of the noise level as a function of the cavitation pa¬ 
rameter for a number of different torpedo and bomb 
models. This work is described in detail in a report 
from this laboratory.® 

One of the major difficulties in the use of a water 
tunnel for noise measurements of this kind is the 
large amount of noise produced by the tunnel itself. 
The pumping m9,cliiii6ry is noisy, 8,nd. th.6 noisG is 
easily transmitted to the working section. This back¬ 
ground noise also varies with the speed and pressure 
of the water. Nevertheless, it was found in confirma¬ 
tion of the expectations, that the noise produced by 
cavitation on a model so outweighs the other noises 
that it can be clearly recognized. 

Another difficulty is the fact that the cross section 
of the tunnel in the working region is rather small. 
The measurement of sound intensity in such a space 
is difficult because of interference phenomena and 
reflection from the walls. The intensity measured is 
strongly dependent upon the exact position of the 
hydrophone as well as on its orientation. It is practi¬ 
cally impossible to get a .significant measure of ab¬ 
solute sound intensity under these conditions, but it 
is possible to get a qualitative idea of the way the 
noise sets in sharply with the incidence of cavitation, 
rises to a maxiinum, and then falls off as the cavi¬ 
tation builds up. 

To produce cavitation easily, a model was used in 
which the nose was flat. This was produced by cut¬ 
ting off a hemispherical nose at something like three- 
fourths of its radius. Under these conditions, cavi¬ 
tation set in at N = 2.6. Figure 3 gives an idealized 
curve for this case. As the velocity of the water is in¬ 
creased, or the pressure is reduced, so that K passes 
through the value 2.5, the sound intensity increases 
sharply by over 20 db. It then continues to rise more 
slowly as K is decreased but finally reaches a maxi¬ 
mum. 

Because of the difficulties indicated above, there 
may be a good deal of question as to the validity of 
detailed conclusions from this type of work. Never¬ 
theless, several points stand out. It is most striking 
that the increase in noise level is coincident with the 
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port, the increase is not so sharp and it may be that 
the sharpness of this rise is associated with the shape 
of the body. Nevertheless, this principal conclusion 
is clear that cavitation produces noise, and that the 
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noise sets in rather sharply as the cavitation be¬ 
gins. 

Another point indicated in Figure 3 is that further 
decrease of the cavitation parameter is associated 
with a decrease in the intensity of the noise rather 

WELOCITY IN FT/SEC AT 15 FT DEPTH 
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Figure 3. Idealized curve of cavitation noise as a 
function of the cavitation parameter for the case of a 
flat-nosed projectile. The sound levels are in decibels 
above the background. 

than a continued building up. This seems to be ob¬ 
served quite generally in work with models and in 
other experiments designed to study the noise due 
to cavitation. Various suggestions have been made 
to explain it, but none of them are as yet supported 
by adequate experimental evidence. These sugges¬ 
tions include (1) the idea that the increasing cavita¬ 
tion tends to absorb the noise and prevent its reach¬ 
ing the hydrophone; (2) the idea that the noise is 
produced against the surface of the body itself rather 
than throughout the entire volume of the cavitation; 
and (3) the idea that the noise is produced down¬ 
stream where the bubbles collapse and that this dis¬ 


tance is greater for highly developed cavitation than 
at the beginning. 

Some indications from the work in the High Speed 
Water Tunnel point to the possibility that the noise 
is not a function of the cavitation parameter alone, 
but of the velocity and the pressure separately. The 
evidence on the point, however, is so uncertain that 
it seems best for the present to regard the cavitation 
noise as a single valued function of the cavitation 
parameter. 



Figure 4. Sound levels in the propeller tunnel of the 
David Taylor Model Basin showing the effect of a 
small nick in the propeller. 

Figure 4 represents some observations from the 
propeller tunnel at DTMB. For this work the pres¬ 
sure was kept constant and the speed of the water 
past the propeller was varied at the same time that 
the propeller rpm was varied. The hydrophone in 
the water tunnel showed a distinct rise in noise level 
at a fairly definite velocity, and this was approxi¬ 
mately coincident with the beginning of cavitation. 

The difference between a good propeller and a pro¬ 
peller having a nick in the blade is made very clear 
in this figure. Cavitation could be observed at the 
blade defect at a rather low speed and when it was 
observed, the noise was very loud. 

In the work carried on by HUSL, noise measure¬ 
ments could be made only at very low speeds but, 
under these circumstances, the noise was observed to 
increase very rapidly just before tip cavitation could 
1)6 SG6n. 

4.4 CAVITATION NOISE IN TORPEDOES 

A good illustration of the character of the cavita¬ 
tion noise is given by a series of observations made 
on the ExF42 mine at DTMB. In this work the mine 
was attached to the strut supporting it from the 
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high-speed carriage. The motor in the mine was then 
driven at such a speed as to furnish the power neces¬ 
sary for the propulsion of the mine, while the carriage 
itself provided the power to drag the strut through 
the water. A hydrophone was placed in the towing 
channel so that the mine would pass over it at a di,s- 
tance of a few feet. The maximum reading of the 
sound intensity at the hydrophone was then taken 
as a measure of the noise produced by the mine and 
its propeller. The noise increased very little up to a 
speed of almost 15 knots. But at this speed it rose 
almost discontinuously through a considerable range. 
This was observed with the mine submerged 4 ft 
under the surface of the water so that the cavitation 
parameter is about 3.8. 

A principal characteristic of cavitation and the 
noise associated with it is its combined dependence 
on pressure and on speed. If it can be established 
that the cavitation on a given object sets in at a cer¬ 
tain value of the cavitation parameter, it can be 
readily determined what speed corresponds to this 
cavitation parameter for any given depth of sub¬ 
mergence. Figure 5 shows the relationship between 



Figure 5. Speed in knots at vavions depths corre¬ 
sponding to several values of the cavitation parameter. 


the cavitation speed and the depth of submergence 
in feet for three values of the cavitation parameter. 
Since it was found that the ExF42 mine began to 
cavitate at 15 knots when 4 ft deep, it follows from 
the lower of the three curves that at 120 ft deep, it 
could be driven at over 30 knots before cavitation 
sets in. The other two curves in the figure represent 
other possible situations in which the critical cavi¬ 
tation parameter is somewhat lower than that for 
the ExF42 mine. It must be remembered, of course, 
that this conclusion is valid only in case the speed of 


all parts of the torpedo are proportionally increased. 
It is assumed that the propeller turns twice as fast 
to give 30 knots as to give 15 knots. This is of course 
not strictly true, since the propeller efficiency de¬ 
pends on the speed. 

Cavitation noise can be identified by the way in 
which it varies with depth. If cavitation noise is 
present, the noise level wall decrease at greater 
depths. In fact, if the principal noise of a torpedo is 
due to cavitation, this noise can always be eliminated 
by operating at sufficient depth. 

The procedure for analyzing torpedo self noise, 
then, consists in making a series of runs at different 
speeds and at different depths. Changes with depth 
at a constant speed can be attributed to changes in 
the noise caused by cavitation, while changes with 
speed at constant depth must be attributed to 
changes in both cavitation and machinery noise. 
Presumably, machinery noise is independent of 
depth, so that if a series of runs can be made at the 
•same value of the cavitation parameter, any ob- 
.served variation in noise level with speed can be 
attributed to the machinery noise. 

In the process of study leading to the development 
of acoustic torpedoes various measurements have 
been made that show the presence of cavitation 
noise. A set of measurements made by the Bell Tele¬ 
phone Laboratories [BTL] in the process of studying 
the ExS13 mine is given in Table 1. The mine was 
operated at speeds of 12, 16, and 20 knots and at 
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Figure 6. Self noise of the ExS13 mine plotted as a 
function of the cavitation parameter. 

depths ranging from 10 to 80 ft. The data indicated 
are plotted against the cavitation parameter in Fig¬ 
ure 6, where they fall on a smooth curve within limits 
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Table 1.^ Measurements of the self noise of an ExSl3 
mine in a band near 24 kc. Level measurements are in 
dbs above 1 dyne per sq cm. 


SPEED 
knots ft per sec 

Depth 

feet 

Cavitation 
parameter K 

Noise le 
db 

12 

20.3 

10 

6.58 

- 54.0 

12 

20.3 

52 

13.2 

- 57.0 

16 

27.0 

16 

4.30 

- 46.0 

16 

27.0 

52 

7.46 

- 49.0 

20 

33.8 

10 

2.41 

- 39.4 

20 

33.8 

25 

3.25 

- 42.4 

20 

33.8 

50 

4.65 

- 47.0 

20 

33.8 

80 

6.33 

- 50.5 


of experimental error. Since these measurements 
were made over an extended period of time, and 
since the machinery noise may change from one run 
to the next, some variations due to unknown cause.s 
are to be expected. In spite of these, the evidence 
points to the conclusion that at depths less than 
50 ft the ExSlS mine, running at 20 knots, was pro¬ 
ducing essentially cavitation noise. 

Numerous other examples of measurements that 
show the presence of cavitation noise are given in 
Chapter 10. 



Chapter 5 

MACHINERY AND OTHER NOISE 


I N ADDITION to cavitatioD, the machinery in a 
torpedo is an important source of noise. At first 
thought it might be expected that the machinery 
would be the principal source of noi.se, for a torpedo 
running out of the water sounds like a tractor. In 
fact, in high-speed torpedoes the engine and gear 
noise may dominate the cavitation, but it seems that 
for torpedoes operating between 20 and 30 knots the 
cavitation and the machinery noise are of nearly 
the same order of magnitude. This has made the 
problem of identifying the .source of the noise espe¬ 
cially difficult. Cavitation noi.se can be reduced by 
going to greater depths, but if the cavitation and the 
machinery noise are approximately eipjal in magni¬ 
tude, the reduction of one does not greatly reduce 
the total. 

The only way to identify machinery noise is to 
eliminate it. This requires a .slow process of tr3nng 
one thing after another until some method of sound 
isolation is found that significantly reduces the total 
noise; and this must be done after it is fairly certain 
that the cavitation noise has been effectively elimi¬ 
nated by going to an adequate depth. Extensive 
studies of this kind have been made by the Harvard 
Underwater Sound Laboratory [HUSL] and some 
studies of motor isolation have been made by the 
Bell Telephone Laboratories CBTL], This work gives 
general indications as to some aspects of the ma¬ 
chinery noise but it is far from giving complete in¬ 
formation on the subject and much important work 
remains to be done. 

5.1 GEAR NOISE 

Meshing gears are a trouble.some source of noise 
in all torpedoes containing them. In the standard 
torpedo with counter-rotating propellers the main 
reversing gears seem to be possibly the dominant 
source of noise. Of the weapons with a single pro¬ 
peller, the Ex20F contains no imjiortant gear trains, 
but in the ExFF3 and the ExF42 mine the rudders 
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reducing gears. In these cases there are indications 
from the noise measurements that the steering 
motors and gears fix the background level at about 
— 57 dbs in the neighborhood of 24 kc. This low 
value is only attained by careful .selection of the 
equipment, and the levels will frequently be much 
higher when an acoustic test is not used as a basis 
for gear inspection. 


Extensive studies of the main reversing gear prob¬ 
lem have been made by HUSL* and show clearly 
that much noi.se is due to this source. They investi¬ 
gated various gear forms and various gear materials 
and were able to produce some reduction in noise. 
The most effective procedure however, appeared to 
be an isolation of the gear system from the shell. 
Two effective methods seemed to be (1) an isolated 
gear housing and (2) an isolated idler gear. 

The gear hou.sing encloses the gears and keeps 
them away from the water. The housing is then 
i.solated from the shell by a thick layer of Fairprene. 

The isolated idler gear is a much simpler arrange¬ 
ment in which the idler grar .shaft is not mounted 
directly on the shell but is isolated from it by a thick 
block of Fairprene. Figure 1 shows schematically 
how this is done, and shows the .simplicity of such a 
modification for the Mark 18 torpedo. 

The work on the.se gears has been done principally 
on the Mark 18 torpedo. This appeared to be a par¬ 
ticularly promi.sing object of study for the following 
reasons. 

1. It was at first expected that an electric motor 
would be a quieter mode of propulsion than a steam 
turbine but the mca.surements mentioned in Sec¬ 
tion 3.2 showed this not to be the case. It might be 
.suspected on this account that the gears were dom¬ 
inating at least the machinery noise. 

2. The gears in the Mark 18 are open to the sea 
water and fairly independent of the balance of the 
power plant. This makes their modification a rela¬ 
tively simple problem and permits a study of the 
wide variety of suggestions necessary in this kind 
of work. 

The measurements made by HUSL indicated that 
at a depth of 50 ft, where presumably the cavitation 
was suppre.ssed and the gear noise was dominant, the 
isolated idler reduced the effective noise level at 
25 kc from —29 to about —44 dbs. This is a very 
significant reduction and makes the Mark 18, at this 
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Since the reversing gears appear to be such an im¬ 
portant .source of noise one might think it better to 
ase only a .single propeller and no gears. However, 
for torpedo&s running at speeds much above 20 knots 
it is almost essential to use two counter-rotating 
propellers. This is true for two reasons. 

1. It is very difficult to balance the torque of a 
single propeller because a torpedo is essentially 
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LOOKING FORWARD 

Figure 1. A method of idler gear isolation for the Mark 18 torpedo. 
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cylindrical. It is possible to put some of the elements 
off center to create a stabilizing moment, but there 
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ated this way. In addition, when the torque is bal¬ 
anced in this way the heel of the torpedo is critically 
dependent on the power output and changes if the 
motor slows down. 

The torque of a single pr(jpeller is given by 
L = 5,250 hp/rpiu 

so ttiat for 180 hp at 1,600 rpm the torque is 592 ft-lb. 

i« Tint PM.KV tn linlfiTipp hv Khift.inir woiorlitcj if 

the torpedo is allowed to heel as much as 45 degree.s. 

The torque can also be balanced by skewing the 
fins, and possibly the rudders and elevators also, to a 
proper angle and the necessary angle will be roughly 
independent of the speed. Thi.s method, however, 
introduces some additional drag. 

In addition to the torque necessarj’' for shindy rim- 
ning, the initial acceleration of the propeller tends to 
turn the torpedo past its e<iui!ibriuin position and 
may well turn it over. Prohlems of this kind can be 
handled in a low-power, low-speed torpedo but they 
become more difficult as the speed is increased. Pos¬ 
sibly a practical limit for single propeller torpedoes 
lies somewhere between 20 and 25 knots, 

2. The load per unit area on a single propeller 
must be almost twice as great as on a pair of pro¬ 
pellers. Although only entirely inadequate informa¬ 
tion is available on the properties and charaederistics 
of counter-rotating propellers, it Sxxsins j)robable that 
cavitation would be more easily avoided when two 
propellers are used than when all of the thrust is de¬ 
veloped by a single propeller. 

Since two propellers seem to be highly desirable, 
if not almost essential, it is necessary to isolate the 
gears carefully or else to drive the projiellers sepa¬ 
rately. The normal torj)edo drive has been ba.S(!d on 
the idea that both propelkus should turn at the same 
speed. This means that the propellers must be care¬ 
fully balanced so that they apply the same torque. 
To the extent that they arc balanced the resultant 
torque is zero and the torpedo wall travel on an 
even keel. 

h^or turbine-driven torpedoes th(! gear system is 
necessary for speed reduction as well as to provide 
the two directions of rotation. In case of electric 
torpedoes a high-speed rnotor may be enough lighter 
than a low-speed motor so that its use, together with 
the reducing gears, is advantageous. If those systeias 
are used, some kind of gear system is necessary. 


Howove.r, it is possible in electric torpedoes to 
drive each propeller separately. This was done by the 
Wostiiighousc T^lcctric Oompiiny in tlioir Mark 2() 
torp<;do and also in their first model of an ExS29. 
These motors were mounted one in front of the other 
and th(! shaft of the forw'ard one passed through the 
hollow' shaft of the after motor to the after propeller. 
The after motor drove the forw'ard propeller through 
a hollow shaft. 

A pos.sibly more satisfactory arrangement is the 
use of a counter-rotating motor. In this the field coifs 
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The torque is applied between the twm rotating parts 
of the motor, each of w'hieh is connected to one pro- 
l)eller. This system has a number of advantages. 

1. There is no torque to compensate, either during 
running or during starting, so a small metaceiitric 
height is adequate to insure stability and to prevent 
h(!cl. No propeller balancing is needed. 

2. There are no gears and con.sequently there is 
no gear noise, 

3. The relative speed of rotation of the two parts 
of the motor is twice the speed of rotation of out; 
propeller. This makes possible a high-speed, lighter 
weight motor without gears. Motors of this type 
have been built by Stone & Co. of England and by 
the Ele(!tric,al Engineering and Manufacturing Cor¬ 
poration of Los Angeles, Tests have shown their 
advantages w'ith respect to torque balancing. 

As a conclusion it may be repeated that for a <pjiet 
torpedo it is necessary either to eliminate the re¬ 
versing gears or to isolate them. Either (san be done. 


.‘).2 OTHER M,\CHINERY NOISE 

There are numerous other po.ssibilitie.s of inter¬ 
ference from the meehanism within a torpedo. The 
control apparatus is often a source of noise. As al¬ 
ready mentioiKid, if the rudders are driven by elec¬ 
tric motors through a gear train, this system may set 
the lower limit to the self-noise level. In the ca.se of 
pneumatically operated controls it is probable that 
noise is also produced but no observations are avail¬ 
able that clearly indicate the significance of this 
source. 

The reciprocating engmes of th(i British torpedoes 
produce vibrations of fniquemcies eorrcspoiiding to 
the number of revokilioas per second and the har- 
monic-s of this frequency. The frequency wdth which 
the propeller bladiss pass the rudders may also appear 
in the noise spectrum of a torpedo. 
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Apparently the commutator and brushes of a d-c; 
motor produce a significant noise. This is apparently 
transmitted to the hydrophone,s by way of the sheil. 
Eitlnir it is transmitted through the shell directly or 
is radiated by the shell into the water and then is 
picked up by the hydrophones. Probably neither 
statement is an adequate description of the interre¬ 
lated action of tin; sh(dl and the surrounding water 
in tran.sniittiiig this* noise;, but in any case isolation 
of the motor from the shell seems to reduce its effect. 

In the process of studying the isolation of the 
motor from the shell, BTL made a series of observa¬ 
tions that led to the conclusion that some type.s of 
isedatiiig material were quite effective in inhibiting 
the transmission of shear vibration but were rela¬ 
tively ineffective against compressional waves. In 
such a case it wa-s possible to constrmh, a type of 
mounting in which two isolating layers were provided 
at right angles to eacdi other. Figure 2 shows sche¬ 
matically the idea involved. 



Figukb 2. A uchomatic illusitration of a method of 
using a material that isolates against shear vibrations 
only. 


Ill general it seems that machinery noise has rather 
W(:l!-defined frecjneiicies in the low-fr{;quency region, 
below 5,000 but that at high fr(;qucncies the vari¬ 
ous harmonics are so close together that it i,s not .sig¬ 
nificant to speak of individual frequencies. At lower 
freiiuemacis it might be possible to place a sharply 
tuned hydrophone at a frequency between the char¬ 
acteristic frequencies of the machinery noi.se. It 
would be; very difficult, however, to specify a manu¬ 
facturing procedure that would guarantee satisfac¬ 


tory discrimiiiatioii in all cases. The general pro¬ 
cedure thus far has been to use a moderately high 
frequency wh(;r(; the (;xact frequency i.s of le.ss iin- 
portamre and wh(;r(; the variation in effective noise 
l(;v('l from one torpedo to the next can be kept 
within rea.sonable limits. 

5.3 NOISE DUE TO G4S FLOW 

Very probably the passage of higli-pre.s.siire air 
through re.strietions and valves produces a eertam 
amount of high-frequency noise that (;an he trouble¬ 
some. Thi.s can pos.sibly he controlled by isolating 
the pipes and fittings from the shell (iarrying the 
hydrophones. In general it seems that very little 
n()is(' of tills type is carried through tin- air but it is 
very (;ffectiv(;ly transmitted by tiKitallic contact. 

Th(! emission of gas into the turbulent boundary 
hiy(;r siirroimding a t()rp<;do may w(;ll prodina; a good 
deal of high-frequency noise. Experiments in whicdi 
an ExF42 mine was propelled by a sea water battery 
from which gas was exhausted through an opening in 
th(i top showtid a uoi,se loved over 15 db above the 
normal running noise. This was almost as much as 
produced by proiieller cavitation, 

,5.4 OTHER SOURCES OF NOISE 

Although noise due to cavitation and noise asso¬ 
ciated with the iriacliinery constitute the principal 
types of torpedo noise, there are some other types 
that may l)e of importainie under certahi eircum- 
staneees. These liave been the object of only a limited 
amount of study, and the following comments are 
essentially indications of subjects for study. 

.5.4,1 Water-Flow Noise 

In some case.s it appears that the turbulent surface 
layer of wiiter flowing over a hydrophone produc(;s 
an effect that i.s principally noticeable in the lowcu’ 
frequencies, below 3,000 c. This seems to be analo¬ 
gous to the phenomenon of “windage” in which a 
^ind biOwung \j\ cr a mn'rv/phone ma^^ produce a con¬ 
siderable r(;ap()ns(;, although the; noise radiat(;d into 
the air is negligible. 

Water-flow noise produced in this way would not 
b(; picked up in an external hydrophone but it might 
W(dl contribute to the response of a hydrophone 
moimtcd in the body and must be considered as a 
possible source of self noise. Pre.suniably it can be 
avoided by shielding the hydrophone itself from 
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direct contact with the moving water, or possibly by 
placing it near the nose where the turbulent surface 
layer has not had a c.hance to develop. 

Some observations hav(! been made on this type of 
noise by BTL “ but it does not seem to be of signifi¬ 
cance. above the audible range of frequencies. 

In some cases it appears that the impact of the 
water on parts of a torpedo may set up resonant vi¬ 
brations. If a stream of water is incident on a tuning 
fork held under water, the fork is set into vibration 
and the sound is radiated through the water. Nor¬ 
mally the resonant frequencies that are not too highly 
damped are in the acoustic range and not iimeh above 
it. 

Both of these kinds of water-flow noLsc need more 
study before appraisal of their significanco is pos.siblo. 
However, on the basis of preliminary indications, it 


seems that the higher the frequency the less they are 
of importance. 

5.1.2 Propelltjr Vibration 

During some of the studies of experimental bodies 
of the type of the ExF42 a rather loud whine of about 
2,000 c was observed. Studies of the propeller showed 
a natural freipieney of vibnation near 2,200 c which 
clianged to 2,000 when the propeller was immersed 
in water. Apparently this vibration was excited 
either by the motor through the propeller shaft, or 
by the water f()r(;es. Various methods were tried by 
BTL for reducing this vibration and it can prob¬ 
ably be controlled. Ilow'cvcr, again it is fortunate 
that vibrations of this kind will probably be confine.d 
to the region of acoustic frequtaicies and can be 
avoided by working in the supersonic r(igion. 





Chapter 6 

HYDROPHONE DISCRIMINATION AND ISOLATION 


I N coNSTEUCTiNG an acou.stically controlled tor¬ 
pedo the effective noise level can he reduced just 
as well by re<iucing the response of the hydrophone 
to the background and self noise as by reducing the 
level of the noise itself. This must b(! done of (iourse, 
without reducing the hydrophone. re,sponse to the 
d(\sire<l signal. Tor this reason it is eonvenhint and 
customary to express the background and stdf-noise 
lev(;ls in terms of the intensity of the plane wave in¬ 
cident on the hydrophone from the dinudion of maxi¬ 
mum sensitivity that produces the same rms nv 
sponse as does the noise. 

When it is state^d that the self-noise levcd is —20 
dbs, th(i meaning is that the electrical r<;sponse of 
the hydrophone and its circ.uit has the same rras 
value as though a ])lane wave of intensity level —20 
dbs were incident on the hydrophone from the direc¬ 
tion of maximum nisponse. The cause of the response 
need not be sound, in the simplest sense, at all. 

The self noi.s6 may be electric interference piiiked 
up by the circuit because of inadequate shielding. In 
many cases a large amount of the self noise appears 
as vibrations in the tori)edo shell which are trans¬ 
mitted directly to the hydrophone so as to set it in 
vibration. In all eases it is equivalent to a noise and 
must be controlled for effective operation, 

DISCRIMINATION AGAINST WATER 
BACKGROUND NOISE 

Water background iioi.se usually comes more or 
less uniformly from all directions, i.e., it is isotropic. 
A nondirectional hydrophone responds to the total 
sound intensity, regardless of direction. A directional 
hydrophone, on the other hand, responds only to 
sounds coming from certain dire.ctions and therefore 
re.sponds less to an isotropic sound field than does the 
nondireetional hydrophone. This difference in re- 
SfKmse is described by the directivity index.” 

If a hydrophone responds uniformly to sound in¬ 
cident within a solid angle (1, and has a zero resjKWise 
outside of this angle, then its response to an isotropic 
sound field will be (Q/'4 t) of that of nondirectional 
hydrophone. Its directivity inchix will then be 



and the response to an isotropic sound field whose 
level is L will be (L -fi Z)). For purpo.ses of reducing 


the response to the water background noise it is de- 
•sirable to have Z) as much negative as possible, i.e. 
to have the hydrophone sensitive in as small a solid 
angle as {»os.sible. Since, howev'er, the water back¬ 
ground is the limiting factor only in rather special 
ca.ses, this is not a dominant factor. 

The directional patterns of the ExF42 crystal hy¬ 
drophone and tin; HUSL twelve-tube magneto¬ 
striction hydrophone are shown in Figures 1 and 2. 


■1 

■1 

HI 

■m 

S 

HR 

mi 

SI 

iSII 

HI 

■■S 

HI 

■■■ 

Hfl 

■■■ 

n 

z 

■■■ 

HI 

■■■ 

w 

■nil 

H 

■■ 

1 

Wms 

HI 

■■■ 

IH| 

■■■ 

HI 

■■■ 

SI 

w 

II 


IRi 

■ii 

9 


>11 

w 

SI 

IRIS 

iSE 


11 

Hi 

lii 

BHB 

■w 

bBb 

iSI 

UHB 

iM 

■1 

■1 

■1 

Ml 

IS 

8 

n 

IB 

Hi 

m 

n 

HI 

IS 

HI 

HI 

HI 

HI 

lii 

II 

in 


00 110 130 160 I7D -170 -160 -ISO .10 -90 -70 -SO .30 -10 *10 SO 50 70 90 

angle in OEGREES 


Figche 1. Directional tespoime pattern of a crystal 
hydrophone, as used in the KxF42 mine.'* 



FifiCRE 2. Directional response pattern of a 12-tube 
magnetostriction hydrophone.” 


Those patterns are not entirely independent of the 
hydropboiK; mounting, and the curves .shown repre¬ 
sent the hydroplioiK! mounted in a portion of a tor¬ 
pedo body. The two directive indexes, —11.0 and 
—13,6 db, show that for an average background level 
of —54 dbs at 25 kc the hydrophone responses will be 
about —65 and —68 dbs respcittively. This is low 
enough so that it rarely compares with the other 
noises pniSent. 

For a given hydrophone and mounting, the direc¬ 
tivity index becomes more negative as the frequency 
increases. This merely means that a given hydro¬ 
phone is more directional for short wavelengths than 
for long. Surce, in addition, the water noise level in 
general decreases at higher freque-iieies, the response 
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of a hydrophone to background noise falls off quite 
rapidly as the frequency increases. 


6.2 DISCRIMINATION AGAINST 
CAVITATION 

In moat cases the principal cavitation around a 
torpedo is associated with the prof)cIler, The noise 
from this cavitation is then transmitted partly 
through the water and partly through the torpedo 
shell to the hydrophone. Since the sound travels al¬ 
most parallel to the sh('lh the distinction betwe<m 
these two models of transmission is not sharp, but it 
indicates roughly two ways of making the hydro- 
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The hydroj)hone whose directional pattern is 
shown in Figure 1 was mounted in the side of a cylin¬ 
drical body. The response to the rear along the 
cylinder is about 27 db below that at right angles to 
the (!yliiider. To the extent, then, that a directional 
pattern of this kind rt'ally rc-presents the response of 
the hydrophone to the cavitation noise around the 
proiKiller, oik; may say that this hydrophone dis¬ 
criminates against cavitation noise to tlu; extent of 
27 db. In the ExF42 mine this discrimination is ap¬ 
parently of little importance, since th<;re is practi¬ 
cally no propeller cavitation noise;. 

Figure 3 shows a pattc'rri for the same type of 
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ANGLE WITH TORPEDO AXIS IN DEGREE? 

PlixUKTi 8i T^ircctioiiiil response piittorn of k. crystni 
hydrophone, of the type used in the KxP42 mine, 
placed in a lieniispherical nose. 

hydrophone placed in the h(;mispliencal nose of the 
torpedo. In this case it was 70 degrees off the axis. 
The response at 180 degree's, or straight back, is pos¬ 
sibly 32 db below the maximum or some 5 db better 
than when mounted in the; side peisitiom 

HUSL has made; an important se;ries of measure¬ 


ments of the response to noise; sources of hydrophones 
mounted in the head of a Mark 18 torpedo. The head 
was suspended under water and the sound seeurce was 
similarly immersed a short distance away. The sig¬ 
nificant conclusion i.s that the discrimination is a 
fime’tion not only of the hydrophone and its immedi¬ 
ate mounting liut also erf the nature of the shell in 
which it is mounted. This merely indicates the com¬ 
plication of th(; problem and shows that a simple 
calculation of the dii'ee.tional pattern is not adequate 
for describing the discrimination of the hydrophones 
again.st cavitation noisx;. 

The assumption that the (;avitation noise can be 
regarded OiS located in the water outside the torpedo 
is probably also inadequate. There is certainly an 
absorjition of sound by tin; afterbody and possibly 
some of the sound is produced in contact with the 
propellers or other parts of the torpedo. 

In jiarlicular it may be that some of the noise as¬ 
sociat'd with th<; reversing gears is r(;ally (;avitation 
noise. The water in the g(;ars is certainly subject to 
variations in jjressure that might w(;ll produce cavi¬ 
tation. Thi.s cavitation is in intimate contact with 
th<; gears and the noise' may w(;ll be traiismitte'd 
through the gears themselves. Isolation of the g(;ars 
would then be an effective w'ay of shielding the hy¬ 
drophones from this part of the cavitation noise as 
well as from what might be more conv(;ntioTially 
called machinery noise, 

6.3 DISCRIMINATION AGAINST 
MACHINERY NOISE 

Machinery noise is prodiu'-ed in direct metallic 
contact with the sh(;U and is transmitted both 
thi'ough the shell and the water to tire hydrophones. 
Apparently the exact process is a complicated inter¬ 
action hetw'een tlu; water and the shell that can be 
only partly described by saying that some energy is 
radiatc'd into the water by the aft(;rbody sh(;ll and 
that the energy is then absorbed from the water by 
the hydrophoiu;. NevertlK;less tliis iiartial description 
indicates why an isolation of the hydrophone; from 
the shell is only partly effective. The discrimination 
seems to be improved by breaking the shell at one or 
more points, and also by a layer of ai)sorbing ma¬ 
terial on the inside of the shell. 




Chapter 7 

TOTAL TORPEDO NOISE 


T he pREVioTia chapters have described the \'ar- 
ious sources of self noise in a torpedo and have 
indicated the nature of the ov'idence for the existence 
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separated from each other to some extemt by meas¬ 
uring the noise at various depths of submergence, A 
complete study of the noise of any one torpedo would 
involve running it at a variety of depths and speeds. 
From the curves of noise level as a function of depth 
for a given speed the curve of cavitation noise could 
be determined, and from a curve of noise as a func¬ 
tion of speed for a constant cavitation coefficient, 
the machinery noise as a function of speed couid be 
determined. By doing the same thing with different 
hydrophones, and different hydrojjhone positions, 
at least the relatives values of the hydrophone dis- 
criiiiination could be determined, 


Such a complete series of measurements is not 
available for any torpe-do. 'Hie noise nieasurernente 
that have been made have; been carried out under the 
pr(!.ss of wartime conditions and the nece.s,sity of pro¬ 
viding quick and rough information for the constriu;- 
tion of usable weapons. Tliese measurements do, 
however, provide some crude Indications of the 
valuo.s of the various quantitl(!s. By using a lilxiral 
quantity of sk(!ptl(!ism regarding the accuiracy of the 
mea.sur(!m(5iits and a certain amount of imagination, 
it is possible to build up curves that illustrate many 
of the tremds shown in the observations. 

With this object in mind, in this chapt(!r, a .series 
of assumptions will be made on the ba.sis of which a 
group of theoretical curves can be plotted. These 
curves will not agree in any great detail with the 
observations, but they will ilhistrate the types of 
curves that may be met and the ways in which the 
different noise sources make themselves apparent. 


7.1 ASSUMPTIONS 

7.1.1 Water Background Noise 

In general there is a small background noise due 
to sources outside tlie torpedo. This is roughly iso¬ 
tropic and its full value will be mea.sured by a non- 
directional hydrophone. In the neighborhood of 25 kc 
it will be assuiiKid that the level of this noise is 
— 54 dbs with one dyne per s(i cm as the reference 
level. 


7.1.2 Cavitation Noise 

It will be assumed tliat for normal torpedoes the 
curve of cavitation noise level as a function of eavi- 
tation parameter is that given m Figure 1. The de¬ 
ss. i 39.2 32.0 24.4 19.5 r6.3 

velocity is ft submergence 



CAVITATION PARAMETER K 


Figure 1. Assumed form of cavitation noise as a func¬ 
tion of tiie cavitation parameter K. 

tailed form of this curv'e is not very significant. The 
principal feature is that it rises rapidly as the cavi¬ 
tation parameter decreases, and then levels off. 

The curve as drawm in Figure 1 is based on the use 
of the forward speed of the torpedo in evaluating the 
cavitation paraniciter. If the cavitation were on the 
nose, or on some fixed part of the torpedo, such as a 
fill or a rudder, this would unquestionably be the 
correct velocity. Since, however, the cavitation prob¬ 
ably develops on the firopellers, the forward velocity 
Is th(; only correct one to use when torpedoes with 
approximately similar propellers are being com¬ 
pared. Apjiarently most iieiniial torpedoes are suffi¬ 
ciently similar so that the forward speed is propor¬ 
tional to the propeller tip speed in most cases. How- 
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ever, when single propeller's are use-fl, or propellers of 
radically different pitch, it is neciessary to use a cor¬ 
rected parameter K'. If Vp° is the propeller tip spet^d 
of the normal torpedo at the running speed in ques¬ 
tion, and if vj is the; tip speed of the modified type 
of propeller, then the, value of the cavitation param¬ 
eter to be used with the modified propeller is 


K' = 


Kv~r^ 


With this understanding the velocaty that is effective 
in determining the cavitation parameter is propor¬ 
tional to the propell(',r tip speed. 
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Ficuhe 3. Assumed cavitation noise level as a func¬ 
tion of speed for three depths and the assumed machin¬ 
ery noise level. 

7.1.3 Machinery Noise 

It will be assumed that the machinery noi.se is pro¬ 
portional to the .sixth power of the torpedo sptM^d. 
Tins Beenis a rather surprising law but it agrees Vvith 
the general tre,nd of the ob-servations irurdtu-ately 
well. 

A British report describes measurement.^ of tor¬ 
pedo noise in which the sound intensity was pro¬ 
portional to the eighth power of the speed. However, 
since the measured noise probably mcluded cavitation 
noise, the observation is not definitive. 

It might seem reasonable that the noise would 
vary as the third power of the speed, since the power 


of the engine follows this law and it miglit be ex¬ 
pected that a constant fraction of the power would 
go into noise. Nevertheless it appears that the a* 
law agrees with the overall picture of the observa¬ 
tions as M’^ell as anything else, and it will bt; used in 
the following curves. Let it be emphasized again, 
however, that this particular form of law has no 
dirt'ct experimental basis. 

7.1.4 Hydrophone Discrimination 

Each hydrophone, hydrophone position or hydro¬ 
phone isolation will be represented by a certain sensi¬ 
tivity to, or discrimination against, eavitation noise 
on the one hand and machinery noise on the other. 
In addition there? will be a certain discrimination 
against background noise whic,li is given by the di¬ 
rectivity index of the hydrophone. This latter, how¬ 
ever, is of negligible importanc.e in most cases. 
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Figuke 3. Total noise at 1,5-ft depth on the basis of 
idealized assumptions. Points arc representative of 
the oliscrvations shown in Figure 1 (Chapter 1) and are 
the same as those in Figure 2 (Chapter 1). 

Extkrnally Measured Noise 

A.S was indicated in Chapter 3 the noise from most 
standard torpedoe.? can be represented as a function 
of speed by a single curve. The indications seem to 
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be that between 20 and 30 knots cavitation noise 
and machinery noise arc near to the same order of 
magnitude; but that cavitation noise is dtiiinitely 
predominant at 30 knots. For speeds as high as 45 
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FicjiTKE 4. Total oxternal torpedo noLse at 40-ft depth 

on the basis of idealized assumptions. 

knots the machiiKiry noise seems to have increased 
again until it is in tin; lead. We may then construct 
curves on the following basis. 

1. Background noise level is —54 dbs. 

2. Cavitation noise level is givtni in Figure 1. 

3. Maciunery noise level is given by L{v) = 60 
log V — 120, where v is the speed in feet per second. 

Figure 2 shows the cavitation hna;! and the ma¬ 
chinery level plotted separately and Figure 3 shows 
the sum. These figures show the way in which first 
one source of noise and then the other can be dom¬ 
inant. The five points indicated are the points from 
Figure 2 in Chapter 3 and indicate that in a very 
rough way the composite curve of noise as plotted is 
in agreement with the obs(;rvatious. 

Figures 4 and 5 show a way in which the noise- 
speed curve.s may depend upon the depth at which 
they are taken, and Figure 6 shows the correspond¬ 


ing way in which the noise may depend on depth at 
a constant speed. Characteristic of the latter curves 
IS the drop with i nci easing depth to the maednnery 
noise limit beyond which the noise does not decrease. 
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Fiottre 5. Total external toriiedo noise at 60-ft depth 
on the basis of idealized .assumptions. 

Selp-Noisk Measttremkivts 

During the past two years the Harvard Under¬ 
water Sound Lalxiratory [IIUSL] and the Beil Tele¬ 
phone Laboratories [BTL] have made extensive 



Figure 6. Total external torpedo noise as a funotion 
of depth for three different .speeds, based on idealized 
assumptions. 
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measuremeiitH of self noise in various torjM'does. 
Neither of them has made as complete a S(>t as might 
be desired but it is possible to use their observations 
for crude estimates of the quantities involved and as 
a rough justification for the description of this noise 
that has been used. 

In trying to understand self-noise rneasurcmeiits 
the discrimination of the hydrophones must he taken 
into account, and it is in this respect that self-noise 
observations will diff(!r from the external measure¬ 
ments described above. 



FrotTiiE 7. Self-tioise level at 2.'5 kc for two different 
depths. The hydrophone is assumed to have a dis- 
erimination of 20 db against cavitation noise and 1.5 
db against the. maehinery noise. The points are t.aken 
from measurements by the Harvard Underwater Sound 
Laboratory 


1. Figure 7 sliows the result of assuming a 20^15 
discrimination of the hydrojihone against both cavi¬ 
tation and machinery n()is(;. Thi.s imsins that the 
response is 20 db below that of a iiondirectioiial 
hydrophone 6 meters from the torpedo. The points 
shown are takmi from a Harvard report of measure¬ 
ments on a Mark 18 torpedo. Although nothing hko 
quantitativi; agreement of the points with the curves 
is claimed or is to be; expected, it seems char that the 
points show that the increased depth has reduced the 
cavitation noise. 

2. Another illustration of sclf-iioise measurements 
Is given in Figure 8. This .shows the noise as a func¬ 
tion of depth for tw'o different speeds. Since the tor¬ 
pedo was a Mark 18 driven by a sirigh^ propeller, it 


w'as necessary to make u.se of a K' = 0.455 K instead 
of the usual K. In plotting the theoi'etical curves it is 
assumed that the hydrophone discrimination against 
the cavitation was 30 db and against the riiaeliinery 
noise 18 db. The points arc taken from one of the 
Harvard reports.^® 



Ficchf. 8. Self-noise level at, 2f) kc for two different 
siKWls. The cavitation is descrilied in terms of a pa¬ 
rameter K' - 0.45.5/v, and the hydrophone disorimi- 
nation w'as assumed to ho 80 db against cavitation noise 
.and 18 db against machinery noise. The points rep- 
re.sent mc.asiiroments by the Harvard Underwater Sound 
Laboratory.'® 


3. Figure 9 shows that it i.s possible to understand 
a curious phenomenon noted in some of the measurm 
ments in which iiosi! hydrophones were compared 
with body hydrophones. The Harvard observations 
seemed to show that in the study of the Mark 18 
with a single propeller the curv(;s of noise level as a 
fmiction of depth for the body hydrophone seemeil 
to cros.s the oorresponding curve for the nose hydro¬ 
phones. Although it is important not to stress too 
much the accuracy of a feav obs(',rvations under diffi¬ 
cult conditions, it is of intert^st to note that this effect 
can be produced if the different hydrophones are 





ASSUMPTIONS 
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asBigiied the proper diKcriiiiination. The fact that the 
change in hydrojdione jxjsition affects the two types 
of (ji s criiYiinRtiQR cliff(*rciit/ly irifikos possible siicH 
phonomoua, and it is clear that it is quite reasonable 
to expect such differences. 

4. Figure 10 shows a pair of curves of self-noise 
level as a function of depth corresponding to speeds 



DEPTH IN FEET 

Fiocitifi 9. Self-noise level at 25 kc for two different 
speeds and two different hyrlropliones. In tiddiUon to 
the idealized assumptions a« to the magnitude of the 
noise prodneed, it is assumed that the nose hydrophones 
discriminate against cavitation by 23 db and against 
machinery noise t:iy — I db, while the body bydrophones 
diseriminatc against the cavitation noise by 20 db and 
against the machinery noise by 8 db. The cavitation 
parameter K' = 0.45.5A’' is used. 

of 33 knots and 28 knots respectively. The.se have 
been drawn on the assumption that the hydrophones 
di.scriminate against the cavitation noise to the extent 
of 26 db and agaiiLst the unuJiinery noise to the ex¬ 
tent of 20 db. Points are shown indi<!ating results 
obtained by HUSL on the Mark 13 torfredo. The 
eoineidenee of the two points at the 50-ft depth is 
of course entirely contrary to the general trend of 
the curves wliich are approaching limiting value.s 
corresponding to the difference between the ma- 



DEPTH IN FEET 

Figure 10. .Self-noise level at 25 kc for two different 
siicods of the Mark 13 torpedo. The hydrophone ap¬ 
pears to be such that a 25-db diserimiiiatioii against 
cavitation noise is assumed in drawing the. curves. The 
discrimination against the machinery noise is assumed 
to Ire 20 dll. The points are taken from a report from 
t)ie Harvard Underwater Sound Tjaboratory.*® 



SPEED IN KNOTS 


Figtibe 11. Self-noise level at depths of 1.5 and .50 ft 
as a function of speed. The solid curves correspond to 
n discrimination against cavitation noise of 20 db and 
against machinery noise of 15 db. The dotted curves 
eoiTospond to the same discrimination of 20 db against 
cavitation noise, but a discrimination of 30 db against 
machinery noise. 
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cliinery noise of 28 knots and that of 33 knots. Since, 
however, these curves are separated i)y a matter of 
only u db, a considerable amount of this discrepancy 
could possibly be attributed to experimental diffi¬ 
culties. 

5. The effect of reducing or discriminating against 
machinery noise is very much dependent upon tor¬ 
pedo speed and depth. This is brought out clearly in 
Figure 11. In this figure th(> solid curves are the same 
as those in Figure 7. The dotted curves correspond to 
a discrimination against cavitation noise of 20 db, 
but a discrimination against machinery noise or else 
a reduction in machinery noise of 30 db. It is clear 


from th(!Sc curves that at 15 knots the machinery 
noise, with only 15-db discrimination against it, was 
tile principal contribution to the self noise. At 35 
knots, the eavitation is much more prominent, al¬ 
though the machinery noise is clearly more signifi¬ 
cant at 50 ft than at 15 ft. This kind of curve illus¬ 
trates the way in which a real reduction in machinery 
noise might be completely masked if the measure¬ 
ments were made under such conditions that the 
cavitation noise doininatcis. On the other hand, it 
shows that the observed fact of a reduction of 15 db 


in the machinery noise, which is clearly evident at 
15 knots, is no longer nearly so striking at 30 knots. 




Chapter 8 

TKANSFORMATION OF ACOUSTIC SIGNAL INTO A 
DIRECT-CURRENT VOLTAGE 


T o MAKE USE of the acoiistic signal for control of 
the torpedo, a circuit must be devised that traiia- 
forms the hydrophone response into a suitable signal 
for actuating the rudder. There are many ways of 
doing this, but for illustrating the principles involved 
the schematic diagram of Figure 1 may l)e regarded 



Figuhe 1. Schematic diagram of a simple circuit for 
acoiLstic li.sleiiing homing. 


as typical. This circuit is drawn for steering in the 
horizontal plane and it is intended to operate so that 
the rudder position is a function of the direction from 
which the acoustic signal is coming. When this direc¬ 
tion is near the axis of the torpedo, the rudder de¬ 
flection is intended to be at least roughly propor¬ 
tional to the angle from which the signal comes. 


8.1 DESCRIPTION OF A SIMPLE 
CIRCUIT 

H„ and H, arc respectively the port and starboard 
hydrophones. The signal from eacdi of thes<! first goes 
through an amplifier and then to a detector, which 
may be considered to be a “square law” detector. It 
is essentia! that both amplifiers ha’/e the same gain, 
and the maintenance of this equality of gain is one of 
the principal problems in designing a suitable circuit. 
Nevertheless, this difhcnlty will be ignored for the 
present, and it will be assumed that the gains are 
equal. This problem will be mentioned again later. 
Under this assumption, the d-c outputs of the de¬ 
tectors will be proportional to the intensities of the 
responses of the corresponding hydrophones. 

The two d-c signals, of the same sign, are then put 
into the condensers Cp and C, and the resistances Rp 
and R,. The potential across the resi.stances is 
then proportional to the difference between the re¬ 
sponses of the two hydrophones. It is positive when 
H, gives the stronger response and negative when Hp 
is affee.ted more strongly. The condensers and re¬ 
sistances are adjusted to give the de.sired time con¬ 
stant to the system. When they are large, the signal 
is averaged over a correspondingly long period of 
time and the system i.s not much affected by sudden 
sharp bumts of noise. On the other hand, the time 
constant must not be long compared with the dy¬ 
namic time eon5tant.s of the torpedo body, or the 
system will not respond quickly enough to steer 
correctly. 

The voltage Va is then combined with the voltage 
from the potentiometer Pr and applied to a polarized 
relay. The resistance of this relay must be large, since 
it is parallel with Rp and R, and affects the time con¬ 
stant of the circuit. If the resultant voltage has 
one sign, the arm is pulled to contact a; if it has the 
other sign, the arm moves to contact h. There may 
also be a neutral position taken if | F, [ < F^. Wlien 
the relay makes one contact or the other, the battery 
drives the motor in one direction or the other. 
This turns the rudder and, since the rudder is me¬ 
chanically connected to the potentiometer arm, the 
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motion of the rudder elianges tiie potential applied 
from the potentiometer P,. If the relay has a neutral 
position, the motor will stop when U, = ( — X'',) 

is near zero. This is vv'hen the potentiometer voltage 
is equal and opposite to Vi. The rudder deflection is 
then proportional to the voltage Vd, since it i.s pro¬ 
portional to Vp, This is of course only true until the 
arm gets to the end of the potentiometer or the rud¬ 
der reaches its stops. If the relay has no neutral po¬ 
sition, the rudder will oscillate about the equilibrium 
position with a frequency that depends on the con¬ 
stants of the motor and the relay, and it will be the 
equilibrium position that is proportional to Vi. 

It is clear tlmt the relay will not operate on an in¬ 
finitesimal voltage, and furthermore that the voltage 
corresponding to full rudder defl(‘Ction is a finite 
voltage. On the other hand, the aeoustic signal varies 
through wide limits as the torpedo approaches its 
target. For this reason, some means are rmcessary to 
change the gain of the amplifiers in accordance with 
the strength of the signal. One method of doing this 
is to use an automatic; volume control governed by 
the potential of the point P. Thi.s ha.s a potential 
proportional to the a\'(;rage iiitmisity of the resi)onses 
of the two hydrophones. It is amplified as necessary 
and appli(;d to the grid-s cjf the amphfiers in .such a 
way that the gahi is reduocsd when the avcirage re¬ 
sponse increases. It may be designed so that the 
gain G has its maximum value 6'g until the moan re- 
.sponse corresponds to .some value Pn, after which 
the gain is inv(;r.sely proportional to the {)Otential P. 

Each hydrophene has a response that is a function 
of the direction from which the .signal comes. Ivct 
thi.s be Rp{6) for the [lort hydrophone and P,(0) for 
the starboard hydrophone. Let B be the angle tliat 
the direction of the signal niako,s with the axis of the 
torpedo. Consider B positive when on the .starboard 
side and negative on (he port .side. Rp{B) then has its 
maxinnmi for a ncigative value of 6 and R,{B) luis its 
maximum for a positive value of 6. These; response.s 
Rp and Pj are expressed in db with reference to 1 volt 
nns output for a sound wave of 1 dyne per sci cm nns 
soimd pre.ssur(!. Correspondingly, let Rp° and R° 
be the maximum re.spoiises of the corr(;sponding hy¬ 
drophones. If the hydrophones and thc;ir correspond¬ 
ing amplifiers are perfectly balanced and matched, 
R° = P„°andPp(0) = R,{ — B). However, the match¬ 
ing is not perfect, and especially in setting up a man¬ 
ufacturing procedure some lac-k of balance must be 
expected. Since the amount of the unbalance is one 
factor in limiting the performance, let R ° — R° V 5 


and Rp° — R° ~ S. In order not to complicate the 
(lis(;ii.ssion here too much, it will be assumed, how¬ 
ever, that the two hydrophone patterns are similar, 
so that 

Rp{B) -|- 5 = Rg{~6} ~ S. 

Let L„ lx; the effective level of the .self noise plus the 
background noise at the frequency pa.ssed by the hy- 
drophones and amplifiers. A.s indicated premously 
this means that the .self noise produces a response in 
the hydrophones equivalent to that produced by a 
plane wave of level incident from the direction of 
maximum respou.sc. Then in the ab.sence of a signal, 
the voltages will lx; 

Vp = + 

and 

F. = G10‘^" (1) 

Under these circumstances, the i)Ot(;ntial of the point 
P will b(; 

P = (10*^*" -I- (2) 

2 

and the voltage Vi will be 

(10"'“ - 10-"'“). Oi) 

This Vd will be zero only if the two hydrophones with 
th(;ir amplifiers and detectons are perf(;ctly balanced, 
i.(;., when 6 = 0. In general, this is not the case, and 
a slight differential V,t will exist in the; abseinx; of any 
signal at all. 

If now' a .signal of level L, is incident from the 
angle, 6, the response.s of the two hydrophones will be 

W = G I I- + 10 } 

Vp = a {lO''^" + -h 10 

1/^ — Gio*''* + {10''''“ - 

( 5 ) 

— GlO'''" + j jQ(a„ - z,, _ 5)/io 

-Rp” - 5)/10J 

= fzlO'''' I _i.,)/iOpQa/m_ 

_]_2q(R/9) - R," -I 5)/io _ 2 q(«„(« - Rp° - 9)/m j 

fj _^Z j Jq(L„ _ n„)/10QQ5/10 JQ_S/10^ 

2 

^ + 4)/10 ^ - Itp- - s )/10 J 

The quantity P determines the gain of the ampli¬ 
fiers. For illustration, assume that the AVC is .so 
biiilt that P never exceeds the value 2 v. A.s long as 
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2P/(t ^ 4, Cr = 1.00, but for larger values P is hold 
constant at 2.00. 

The question of the value of 5 is largely om; of 
manufacturing reproduetibility. For illustration, 
assume 5=1. This is an extreme value, since the 
experience on the ExF42 mine suggests that S ^ 

O ^ TV4 1 ri-fri itx T\Tr -nj-irn T l-»ii In •»!rw 

Mc iiiniiiipaiiicLA kjy V/<xicj.ui ui tiic 

system after the hydrophones are installed in the 
body and connected to the circuit. N(iverthele.ss, 


time constants of the circuits are not involved. Fig¬ 
ure 2 shows the voltage Vd when the gain is so ad¬ 
justed that the self noise gives a voltage of 1 volt 
when the hydrophone response is B°. Since the hy¬ 
drophones are expected to deviate from this by 1 db, 
the noise, in the absence of any signal, produces a 

.,<^.^..1. i on 

n;opv^ixiai;:; iiuiii tuc >'3L£Ai ii^vn upm-iiit; ±.^\j vuil>5 

and from the port hydrophone of 0.79 volt. In the 
absence of any signal the steering voltage Vd is this 



ANGLE OF INCIDENT SIGNAL IN DEGREES 

Fiouke 2. lllustriition of the steering voltage Vd as a function of the angle 9 from which the signal comes for various 
values of signal strength. The gain i.s set so that the response of a hydrophone to the self noise gives a 1-v response, and 
the AVC is so designed that it does not come into play until the potential of the poirit F in Figure I reaches 2 v. There¬ 
after the potential of F is held down to 2 v. 


5 = 1 will he nssnmed ill tlic curvos to be drawn, 
since in this way the effect of the unbalance is em¬ 
phasized and c!an be more easily .seen. 

The quailtitie.s Ks(0) and Rp(S) depend on the type 
of hydrophone used and the way it is mounted in the 
shell. For illu,strati()n, u.se the directional jiattern 
shown in Idgure 2 in Clhapter 6. 

Figures 2, 3, and 4 show the voltage Vd as a func¬ 
tion of the direction d from which the signal ctimes. 
This assurnes, of course, a static situation so that the 
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voltage Vd is always positive so there can be no 
.steering control. Under the.se circumstances, the. rud¬ 
der wall be always to the right and the torpedo will 
circle. Since, in all probability, the minimum value 
of Vd will not at all give maximum rudder, the path 
will not be a circle of constant minimum radius, but 
wall change in curvature. Neverthele.ss, the torpedo 
wDl turn around and in this way search for a target. 
This search mechanism is of u.se in iho ExF42 mine, 
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but in a turpcjdo which is expected to start out on a 
gjTO-controiled course some means must be adopted 
for steering on gjro until the signal is strong enough 
to give good steering. Such a device; is generally calh'd 
a “gate” and will be discu.ssed lat(;r. 

Other cui'ves in h’igure 2 show the; voltage when the 
signal leA'^el is eepial tee and greater than the self noise. 
It is dear that the “stiffiieiss” of the contex)!, the; volts 
per eiegree displacement from the desired e-ourse;, is a 
function of the signal .strength and, a.s will be sheevvn 


practical manufacture, may be in one elirection or the 
other and it may be made the ba.sis of a simple .search 
procedure. 

2. The unbalance e)f the hydrophones causes a zero 
steering voltage to (;orrespond to angl(;s other than 
zero. Thi.s angle becomes smaller, however, as the 
strength of the .signal increa.ses. As a consequence, 
the torpedo will t(;iid to approach the target in a 
spiral. 

3. Tin; uubalanoo in the hydrophones, or in the 
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Fiouhe 3. These curves represent the same sitn.ation as in Figure 2 except tiiat the initial gain is 3 db lower. 


in the next chapter, it must be kept within suitable 
limits. Figure 3 .shows the corresixuidiiig curves when 
the initial gain is 3 db lower. In this case the sta;rmg 
voltage produced by the self noise is only 0.23 v. 
Figure 4 shows the ourv'e.s for a 3-db higher gain. 

From these curves a number of conclusions can be 
drawn. 

1. The unbalance of the hydrophones and their 
amplifiers cause.s the torpedo to circle in the alxscrnce 
of a signtil if the gain is set high enough so that the 
differential response to the .self noise; gives a rudder 
deflection. This unbalance, which is unavoidaldc in 


self noise it.self, sets a limit to the signal strength on 
which the torpedo can steer. It is clear from the fig¬ 
ures that the torpedo with the properties used for 
this illustration will not steer on a signal strengtli 
3 db beloTv the noise, no matter how high the gain 
is set. 

4. The stiffness of the control, the volts steering 
voltage per degri;(; off course, increases a.s the gain 
increases, but is not proportional to the gain. 

The above is essentially an illustration of a method 
of analysis of a typical circuit. Each circuit will have 
its peculiarities of behavior that must be understood 
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and related to the dynamical behavior of the torpedo 
to be described in the next chapter. 

In addition to the static analysis as just illustrated 
it is neces.sary to make a dynamic analysis of the 
operation of the control mechanism. The previous 
illustration gave the rudd(n position as a function of 
the direction of the sound provided the direction was 
fixed and time was allowed for the rudder to reach 
its position. If the torpedo is oscillating and the 
source of sound is moving it is important to know the 


For very slow oscillations, the rudder position for 
a given angle of sound incidence will be very close to 
that indicated by the static analysis and such curves 
as those of Figures 2, 3, and 4. For higher freqmmcics, 
however, the rudder will lag behind the sound and 
the amplitude of its oscillation may also diminish. 
As will be shown in the next chapter it is desirable to 
keep this lag a.s low as possible. 

The time lag is due to a number of factors. In the 
first place the condensers and C, take a certain 
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Figtthb 4. In these curves the initial gain is assumed to be 3 db higher than in Figure 2. 


way in which the rudder follows the direction of the 
sound. 

Perhaps the simplest way in which to make 
a dynamic analysis of the control circuit is to 


feed sound into the hyCn upnones 
can be done by placing projectors close to each 
one, or by feeding a .suitable electric signal into 
the hydrophone circuit. The relative intensities 
can be varied in such a way a.s to simulate a 
sinusoidal variation of the angle from wMcIi sound 
is incident on the torpedo. This variation can be 
carried out for a range of frequencies and the 
os(!illation of the rudder observed. 


time to charge up, and until they do charge up to 
th(!ir cquihbrium voltage the rudder cannot reach its 
equilibrium position. The time necessary for this 
charging can be reduced by making the condensers 


rhi.s small. This, however, must not bo (tarried so fai that 
the sy.stem i.s too responsive to short bursts of noise. 
Another important .source of time lag lie.s in the rud¬ 
der motors them.selves. It tak(>s them a certain time 
to start up and to move the rudders to the desired 
position. In general it is desired that the motors liave 
a high starting torque and turn over as fast as pos.sible 
but this possibility is necessarily limited by practical 
consideration of .size and weight. 
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8.2 OTHER TYPES OF CIRCUITS 


The above analysis applies to a circuit that makes 
use of the difference in level of the response of two 
hydrophones to determine the direction of a source 
of sound. The two hydrophones respond differently 

Vionoinao r»f +Vic»Tr rviim •nQ+toT*T»c oo TTrciH *ao 

VI. V^TTII. VXIJI L' I V i T* CXO 

because of the positions in which they are mounted 
on the shell. 

Another method of determining the direction of a 
sound source is by measuring the difference in time 
of arrival at two hydrophon(!S, or, in the case, of a 
sustained sound, by measuring the phase; difference 
between the responses. This phase difference is 
related to the bearing 6 of the sound source by the 

CQtliitlCil 


A<^ = 


(360d sin 0) 
X 


( 8 ) 


where A0 is the phase difference in degrees, d is the 
separation of the hydrophones, and X is the wuive- 
length of the sound. In systems of this kind d must 
not b(! too mucdi greate.r than X. If d = X tin; phase 
difference is 180 degretjs for 0 = 30 degrees and the 
interpretation of the residts is unambiguoas only 
for I 01 < 30 degrees. Hence it is nec^essary to use 


either long wavelength sound or to place the hydro¬ 
phones very close together. 

Although this mc.thod has not been put into service 
in the United Stat(',s, an extensive program of study 
on it was undertake,!! by the Bell Tclc,phonc Labora¬ 
tories in the region of frequencies around 1,500 to 
2 500 c work sliovvc'cl tlitit t^lic ji li h. so diffc^rxiiicc 

type of circuit could be made to operate satisfac¬ 
torily with a signal-to-noise ratio roughly the same 
as that nc,ed(',d for operation of the int(msity differ¬ 
ence systems. Howewer, it app(;arc,d that the self 
noise at the low frequencies studied was so high and 
so ciTatic that practical operation appeared doubtful. 
Presumably such a system would work satisfactorily 
at higher frequencies if suitable close locations for the 


/•*.»■»/ VS 

11^ AAA 'A 




however, that there is any particular advantage in 
the phase-difference system. Although it might seem 
at first glance that a phase-difference system might 
operate at a lower signal-to-noise ratio thair the in¬ 
tensity differenc.e system, the; detailed analysis shows 
this not to be the cas(!. It will not operate eff’cctivcdy 
in the prcsenc(! of noise whose; lov(;l is significantly 
above that of the .signal. In case, how(;v(;r, it is de¬ 
sired to operate at low frequencies for some other 
reason, the phase-diffei'cnce system might well be 
the easier type; to use. 




Chapter 9 

TORPEDO DYNAMICS AND STABILITY 


T he proper application of the acoustic signal to 
(ioiitrol the torpedo requires also an analysis of 
the, hydrodynamic behavior of the torpe,do in re¬ 
sponse to its rudder. This problem has been given 
considerable study, and a reasonably satisfactory 
theory of torpedo behavior is now possible. For a 
detailed treatment reference must be made to the 
volume on torpedoe.s, but enough of the theory will 
be outlined here to indicate the significant factors 
and the problems involved in the application of 
acoirstic control. These, after all, are not greatly 
different from those involved in any automatic 
steering. 

In an elementary way, the reasons why torpedo 
and ship steering require some careful analysis may 
be roughly formulated as follows; 

1. A torpexlo, or a ship, whose rudder is in the 
neutral position cannot be despended upon to travel 
steadily along a straight course, but must be steered. 
A few ships and somewhat more torpedoes, if hat 
alone will move in a circle, either to the right or to 
the left. The majority run in a state that might be 
described as .similar to neutral equilibrium. If by .some 
means they are displaced from the course they will 
not return to it but will take up another more or less 
straight course, 

2. A given mdder position does not correspond to 
a certain direction of motion but to a certain system 
of forces and moments, lii time, the forces associated 
with a rudder displacement will cau.se the body to 
take uj) a stable turning circle, but the transient 
state, before the circle is reachexl, is the one of im¬ 
portance ill steering. 

3. A torpedo, or a ship, do(',s not always travel in 
the direction in which it is headed but frequently at 
a slight angle to this direction. Ilenci;, a clear dis¬ 
tinction must be made between the h(!ading of the 
ship and the direction of motion. 

Because of such matters as the above, the detailed 
treatment of torpedo motion is a little complicated. 
Nevertheless, it is pos.sible to understand some of the 
significant features in a qualitative w,ay without 
treating the whole problem. In an effort to make some 
of these pomts clear, the problem will be approached 
in several stages. The starting point is a very crude 
idealization in which many factors are neglected, 


and a series of simplif 3 dng assumptions is made to 
permit an elementary solution of the problem. In 
successive illustiatioiis, more and more factors will 
b(! taken into account until a reasonably sati.sfactory 
picture of the .situation can be attained. The effect 
of the various factors will be pointed out at each 
stage, and the reader can pur.sue the more compli¬ 
cated analysis as far as seems to him prohtable. 

9.1 CRUDEST POSSIBLE TREATMENT 
OF AUTOMATIC STEERING 

It is pos.sible to recognize a number of the signifi¬ 
cant factors ill automatic control by considering a 
veiy simple model and ignoring many of the compli¬ 
cations. To this end, let 9 be the angle between the 
torpedo axis and the line to the target. Then as,surae 
the following. 

1, The torpedo travels in the direction of its axis at 
the speed v. As pointed out above, this is not always 
tme in the case of an actual torpedo, but it i.s close 
enough so that this assumption servos for tin; crudiwt 
po.s.sible treatment of the problem. 

2, When the rudder is at the angle 5, the torpedo is 
subject to a torque that is proportional to 5. When S is 
po.sitive, the torque is in such a direction as to cause 
6 to increa.se. This, coupled with the previous as¬ 
sumption, provides the means by which the mdder 
controls the torpedo’s course. 

3. The angle 9 i.s small enough so that with sati.s¬ 
factory accuracy the distance h of the torpedo from 
its straight course is given by 

h = vXddt. 

Oil the basis of the above simplifying as.sumptions, 
first the case of steering in a horizontal plane and 
second the case of depth keeping will be discuased. 

To treat the ease of steering in the horizontal plane, 
as.suine that the reference direction is the direction 
from the torpedo to the source of sound. In the case 
of a torpedo under gyro.scope control, the reference 
direction is merely the direction of the course pre- 
.scribed by the gyro.seopc. Then the following is 
as.sumed. 

4. The control mechanism is such that the rudder 
deflection is proportional to the angle by which the 
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torpedo departs from the prescribed course and is in 
tli(! direction to restore tlie torpedo to its course. 

5 = —a9. 

Ui)on the iDasis of this assumption, combined with 
the first three and the fact that a body changing di¬ 
rection in its underwater motion exT)cricnccs an op¬ 
posing torque proportional to its angular velocity, 
the equation of motion is 

Q'b = ■-Ke+ aS, 

or 

Qe + K'e -b acxe = o. (i) 

In this e(iuation Q is the effective moment of inertia 
of the torpedo and the, entrained water. Treatiinaits 
of the now of a ixsrfect fluid around an ellipsoid sug¬ 
gest that this is roughly twice the moment of imutia 
of the torpedo itself. K depends strongly on tin; shape; 
of the torpedo. For a sphere it would be negligible;, 
but for a torpe;de) it can be estimated frenii ine)de;l 
stuelies and the e)bser\cd torpedo belm^ne)r. Esti¬ 
mates are available; for .some of the standard tor¬ 
pedoes. The torque; is a in pound feet exi)eriene'e;d by 
the be)dy whe;n the ruelder angle; is erne; radian. Its 
uuignitude clearly depends een the; rudder area, the 
shape of the afterbody, the fins, the rudder location, 
and the velocity a. The e’ernstant a represents the 
atiffne;ss of conti'ol. It represents the ratio of the 
rudder angle to the angle; of departure of the torpede; 
from the prescribed course 6. 

Since the constant K is ahvays positive, e;qiiation 
(1) always represents a stable damped mertiem. No 
matter what may momentarily disturb the; tor¬ 
pedo, it will e;ve;ntually settle down to the; pre.sciibed 
course, 9 — 0. Hence K may be e:alle;d a stabilizing 
factor. Other things being eeiual, the; larger the value 
of K the; Ics.s the torpedo will oscillate about its pre- 
scribe'd path, 

On the other hand, if K is large anel aa is small, 
the torpedo will oidy recover from a disturbance e;x- 
ceedingly slowly. Furthe;nnore, if the target is me)v- 
ing, a certain minimum value of aa is neexwsary to 
insure that the te)ri)e;do follows the e;hangc in path 
with sufficient accuracy to finally strike it. Hence to 
insure the tyi)e of tracking that is desire;d, a suitable 
balance must be .struck between the “stiffness of 
control” aa and the damping K, 

To get a siimlar very crude and qualitative treat¬ 
ment of torpedo dejith keeping it is only n(x;(;ssary to 
include the effect of the departure h from the desired 
depth on the rudder ])osition. Let 9 be the angle by 


which the; torpedo points above the horizontal, h the 
distance; by which it is above the desired depth, and 
assume the; follovlng. 

5. 'Hie control mechanism is such that 

5 = —a9 — I3h. 

The equation ol motion is then 

Q9 = —K9 — aa9 — a0, 
or 

Q9 + K9 + dad -b afiv9 = 0, (2) 

by making u-se of assumption 3. 'I’lns is now a third 
order differential equation, and the; condition for 
stabihty is slightly more coniiilicated than before. 
Ih'.n; again the stability reforr(;d to is the property 
that any solution of ecpiatioii (2) approaches 9 = 0 
as time goes on. 

The first condition for stability is that all of the 
c.oefficlents be positive, 'rhis is automatically satis¬ 
fied in the case at hand suicc a and d are made posi¬ 
tive in the con.struction of the depth-kec.ping mechan¬ 
ism. 'rile other condition for .stability is 


Here, as before, is a stabilizing factor, but a is 
also. An increa.se of the rudder response to the angle 
of tilt inc,reas(;;s the stability of tin; system. On the 
other hand, an increase in or in v, may make the 
control unstable;. In particular, if an attempt i.s made 
to control the depth of the torpedo by using the. 
water pressure only without reference to the tilt, i.e., 
hy making a = 0, the torpedo ivill be un.stable, and 
will not keep its depth satisfactorily. 

In the normal torpedo depth control th(;re is a 
pendulum so arranged that a tilt of the torpedo af¬ 
fects the rudder position somewhat according to 
assumption 5 and this is a very essential part of the 
depth-control metihanism. It was tin; introduction 
of this pendulum tliat made satisfactory depth keep¬ 
ing po.ssible. From the above simplified assumptions 
it might be exi)e(‘tcd that a m(;chanism responsive to 
h would serv'e as wc'Il as a pendulum. It must be re¬ 
membered, however, that the above assumptions 
are extremely crude, and it will be shown later why 
such methods are .subject to important limitations. 

As in the ease; of steering in the horizontal plane, 
there are two ojjpo.smg set.s of factors. There are first 
the stabilizing factors, the damping coefficient K 
and the response to tilt aa. These tend to keep the 
torpedo on a steady course. Then there is the re- 
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sponsc to departure.s from the correct depth (a0t>) 
which reduces th(', Httvi)ility but is necessary to correct 
disturbances in d('pth and to keep the torpedo at the 
correct depth. Those two properties must bo cor¬ 
rectly balanced for satisfactory d{;ptli keeping. 

In both of the ca,sos just discussed the factors 
leading to stability and the factors leading to precLse 
steering or depth keeping, are opposing, and a suit¬ 
able compromise between them must be made in th('. 
isign. 


6. The control mechanism is such that 
S{t) = — ad{t — r). 

The use of this assumption gives the differential 
equation 

Qd + Ke = a8. (4) 

Since 8 is no longer assumed to be simply propor¬ 
tional to 6, this is of a diff(!rent type from equation (2) 
and one whose solution must be approached in a dif- 
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FiotrnE 1. Phfuse in degrec.s as a function of w for several values of the time lag t. The heavy curve gives log 
These curves assume Q = 1,500 slug ft^ K = 10» llnft per radian per sec, and a = 2 X 10’ Ib-ft jier i-.adian. 
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9.2 INCT.USION OF TIME T.AGS IN 
THE CONTROL SYSTEM 

In the above treatment of steering and dejith con¬ 
trol the simphfying assumption was nuide that the 
rudder position followed the; aeoustic or other signal 


exactly. 


ifU. 




time lag. This is rarely praidi- 


(iable or even possible. In the case of the circuit 
scheme outlined in Chapter 8, the condensers takti a 
certain time to charge up so that the voltage Vd lags 
a (lertain amount behind the acoustic signal. In addi¬ 
tion, the inertia of the rudder motor and the rudder 
itsidf, and the time constant of the circuit involving 
them, cause an additional lag of the rudder behind 
the voltage Va- Hence, the crude picture is made one 
st(^j) closer to the actual sitr 
st(',criiig in the horizontal plami, that 


tuation by assuming for 


ferenl way. One method of investigating the proper¬ 
ties of the solution is as follows. 

A.ssum(! that a periodic solution exists and then 
find the conditions imposc'd upon it by the differential 
equation (4). Hence let 

5(0 = 5ne'"'and«i(0 = 

Since onlj^ the relative phases are important, assume 
that 5o i.s mal and dn is complex. Substitution in equa¬ 
tion (4) leads to 

fli) _ a 

8o — iuK 

To satisfy the relationship assumed in assump¬ 
tion 6 it is necessary that 

1 
L 

J 

a 
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and that 


These conditions can be represented by curves of the 
type shown in Figure 1. For illustration, it is assuiuc^d 
that 

D — 1 ^0^ Ciliify 

jL f 

K ~ 10’ pound feet p(‘r radian per second, 
a = 2 X 10’ pound feet per radian. 


as £0 —> m, but a.s co —> oo, > 0. At very high 

frequemaes the amplitude of 6, because of a unit 
amplitude of 5, is so small that it will not maintain 
the motion of 5, and the whole oscillation will die out. 

On the other hand, for t = 0.1 the phase is zero 
at £<) = 2.55 when^ the logarithm of the absolute 
value is —0.7. Hence, if the stiffness i.s liigh enough, 
i.e., a ~ 5.0, the motion of the body, through the 
control system, will maintain sufficient rudder mo¬ 
tion to, in turn, maintain the body oscillation. If the 
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Fioube 2. These curves are similar to thoso in Figure I but with K = 10' Ib-ft per radian per sec. 


The value assumed for Q, the moment of inertia, is 
of the order of magnitudes of tluit for the Mark 1J5-2 
torpedo, a.s is a, the njdder torque constant. To pro¬ 
vide an illustrative ease;, K is taken about 1/10 of 
the probable value for the Mark K3-2, The heavy 
curve in Figure 1 shows the absolute value! of 9o/8n 
as a function of eo feir values of u between 0.1 and 10. 
The ordinate as indicated in the left-liauel scale is 
log I 6o/So I. The curve shows that if a = 1, eepia- 
tiem (6) can bei sati.sfieel emly for co = 1,06. For a 
stmer control, a = 2, log 1/a is —0.3, and w = 1.57 
is the only possible value. 

But it is alse) necessary that the leift-hand side' of 
equation (6) be real anel this reeiuires a suitable 
value of T. The phase angle is alsei shown in Figm'e 1 
for various values of t. For r = 0 the phase; is al¬ 
ways positive, which indicates that there can be no 
periodic solution. This e'eirrcsponels to the stable 
cases treated previously in which each solution con¬ 
tains a elecre!asing expoiiesntial term. It could be de¬ 
scribed by saying that the pha.se approaclie:;s zero 


stiffness is greater than 5,0 or the time lug is greater 
than 0.1 sec, the motion will build up larger and larger 
oscillations. 

Here, then, is another de.stabiliziiig factor. The 
time lag in the control system as well as thf; stiffness 
of the control both tend to lead to oscillations that 
must b(; opposed by the hydrodynamic damping. 
Since the time lag in the control mechanism cannot 
he reduc(;d to zero in most (!ases, a limit is set on the 
stiffness of control that can be used. 

Figure 2 sho'vvs the ('orres^ponding curves for a 
damping factor 10 times as great. With this larger 
damiung factor greater stiffn(;sses as well as greater 
timi! lags can be permitted and still maintain stable 
sti'cring. 

9.3 FAIRT.Y COMPLETE TREATMENT 
OF AUTOMATIC STEERING 


To get anything like a quantitative treatment of 
torpcido steering it is necessary, as was pointed out at 
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tho beginning of the chapter, to dLstiiiguish clearly 
between the direction in which (he torpedo is point¬ 
ing and the direction in which it is moving. To do 
tills use the notation indicated in Figure ‘6. The path 



Figure 3. tlluatratiou showing tho notation used to 
doscritie tlie motion of a torpedo in the hori^contnl 
plane. 

of the center of mass is taken as the torpedo tra- 
jeiitory and all forces and moments art; considered 
as referred to this center. The angle 6 then describes 
the direction of the course, or, trajectory, with refer¬ 
ence to a fixed direction while the angle ^ is the 
angle lietween the axis of the torpedo and the course. 
Idle rudder angle d, as before, is positive in th(' direc¬ 
tion in which it tends to increaso 8. 

As is shown in books on hydrodynamics, tho iner¬ 
tia of a body immersed in water includes that of a 
certain amount of entrained water. In the case of a 
body somewhat ellipsoidal in shape as is a torpedo, 
the iiioineiituin can be; described by the u.se of two 
niass(;s. Oik; mass applie.s to motion along the torp(!do 
axis and the other to motion transverse; to the axis. 
Referring again to Figure 3, i is a emit vec.tor in the; 
direction of the axis and j a similar unit veidor at 
right angle.? to it. Then the vector momentum of the 
system is 

M = M|C cos 4' i — Al-iV .sill 4^ j- (7) 

Since Mi is usually larger than Mi the momentum 
is not in general parallel to the velocity. In comput¬ 
ing the force necessary to change this momontmu, 
account must be taken of tho change in direction of 
tin; unit vector.?, i and j, as well as the change of the 
scalar terms. This leads to the; two forces, longi¬ 
tudinal and transverse, 

Fi = Ml {«; cos 4^ — V sin^f^l -j- JV7ai>.sin '4'i4' 8} 

Ft = Miv{ + cos 4^ — Mi [v sin + i; cos 4^ }. 

If now it i.s a,ssum(;d that p can be neglcct(;d, and that 


both angles and their rates of change are small quan¬ 
tities, Fi contains only terms of the second order of 
small quantities so may be considered as zero for 
the case of operation at constant S'lieed. To the same 
approximation the transverse force becomes 

Ft = Miv{d — Mivip, (8) 

To write the equations of motion it is necessary to 
define a number of hydrodynamic coefficient.?.'®' The 
effective forc(;s follow. 

1. The propeller tlirust T. This may bo treated 
effectively as a constant along the axis of the torpedo. 

2. The drag force D. This can be expre.sscd in 
terms of a drag coeffici(;iit Cn, the cross section of the 
torpedo in sipiare feet A, the density of the water in 
slugs per cubic foot p, and the velocity in feet per 
second v. 

D = CnA^^v^- (9) 

Tho drag force is opixisite to the velocity v and so 
has components both parallel and {lerpendicular to 
the torpedo axis. 

3. The (TOSS force L. Tliis i.s perpendicular to the 
velocity v, and can be expres.sed in terms of a coeffi¬ 
cient Cl. 

L = (10) 

4. A moment M/. descrilied by a moment coeffi¬ 

cient Ci{. 

M, = CmAI^-^ (U) 

where I is the l(;ngth of the torpedo. 

5. A damping moment M^ proportional to the 
angular velocity of the, liody and described by a co¬ 
efficient C’k 

Mt, ^+ ^)- ( 12 ) 

6. i\ traiLSverse force as.sociatcd with tho damping 

moment and de-scribed by C/.-. 

Frf = CplA %(o -)- ^) • (13) 

A 

The drag, cross fores;, and the moment Mh can be 
iiKsasured in a water tunnel or a wind tunnel, so that 
the corresponding coefficients can be; determined, at 
least aptiroxiinately. Th(;y are fomid to depend on 
the angle of yaw ^ as well as on the rudder angle 5. 
Such determinations are made, of course, with the 
c(;ut(‘r of uia.ss moving in a straight line relative to 
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the water and it is assumcKl that the same values are 
approxiiiiately correcd, when the motioii is in some 
other path if the radius of curvature is large enough. 
The coefficients Cr and Cp are taken as constants, 
and the presence of these terms may to some <!xtent 
compensate for the errors in the assumptitm that 
equations (9), (10), and (11) apply when the; body is 
moving in a curved path. 

Taking components along the torpedo axis 

Fi — T — CdA-iP cos ^ + ClA^ sin + 

2 2 

CplA -v(d + ) sin p- 
2 


-20 

0 ) 

ta 

(E 

•40 ^ 

a 

5 
u 

-eo S 

X 
0. 

-80 

^ ^____ -100 

^”^0.1 0.2 0.3 0.4 0.6 0.8 2 5 4 $ 6 lO 

a>IN RADIANS/SEC 

FtoiiRE 4. The value of log |^o/5o| aa a function of «. The heavy line gives the logarithm of the absolute value and the 
lighter line gives the pluiso iu degrees. 



(‘^ _ ^ = 0-(15) 

\pAV V / pAV 

<>Q n ,]2 

~(9 + 'i') + —(0 +p)- CMl = 0- (16) 

pAv^ V 

The coefficients Cjc and Cr> can be regarded tis con¬ 
stants. CL and Cm, on the other hand, d(!pend on the 
angle \p and the ruddew angle 5. Observations show 
that a luiear dependence is an adequate approxima- 

ti/wk f/vr tarvAoll tinrylati QA Ipf 


Cl = ap — 65 
Cm = op + /5, 


(17) 


Since tin; angles are assumed small, the terms con¬ 
taining sin \p can be neglected compared with the 
first two. Equating the first two to zero gives the 
speed in terms of the propeller thrust when the vari¬ 
ations in V arc neglected. This equation can them be 
omitted from the further considerations of steering. 

The components of force perpendicular to the 
torpedo axis lead to 

f’i == CdA^^ sin ip -|- ClAjv^ cos 4^ + 

2 2 

CplA-v(6 ^)cos^- (14) 

2 

All of these tenns are of the same order because Or, 
is proportional to \p. Using expression (8) for F, in 
equation (14), and equating the moments to the 
moment of inertia times the angular acceleration 
leads to two differential equations of motion 


where a, h, c, and / are constants. Wh(!n these forms 
are inserted in equations (15) and (16) the result can 
be WTitteii 

Aid Bi’p -j- B 2 P — —5 (18) 

A'lO -(- AsO -j- A ip A" A^ip -|- Bip = 5, 

where 



/ 2Mi _ ^ _ 2MA 
\pAv V pAvJ 
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B., = 
B, = 


{Cu + a) 
h 
c 

7 


The above equations give the motion of the tor¬ 
pedo ill response to a prescriiied rudder angle 6, and 
it be assumed that the same equations hold 
when 6 is changing. To apply acoustic control, 5 must 
bo made some function of {d -\- \}/). K fair representa¬ 
tion can be obtained by making 5 proportional to 
— with a time lag as was done, in a simpler 

case above. 

To proceed with the study of equation (18) it is 
convenient to assume a periodic v-alue of S, and to 
find the corresponding periodic solution for 6 and 


stantK will be assumed. They are approximately those 
applh’able to the Mark 13 torpedo with a shroud 
ring. 


Ml = 67 slugs 
Ma = 116 slugs 
V = 50 ft per sec 
A = 2,75 sq ft 
p = 2 slugs per (!U ft 
Ck = 0.50 

Cp = 1.10 
a = 2.23 per radian 
h = 0.114 per radian 
c = 0.281 


/ = 0.0573 
/ = 13.5 ft 
Cu = 0.1.0 
Q = 1,500 slug ft- 
= 1.67 
A 2 = 0.282 

A, = 2.36 

B, = -5.73 
= -20.4 

B, = -4.90 


Figure 4 shows the value of ^o/So as a function of 
w. If the rudder is turned back and forth with a 
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Figuhb 5. The value of log l9ii/6o| as a function of m. As previously the heavy line show.s the absolute value and the 
lighter line, gives the pha.se. 


Hence let S = Soe‘“‘, 6 = ly = where 60 
is real but do and are complex. Insertion in equa¬ 
tion (18) then leads to 

^0 {Hi j- A3 -f iwA 2 ] 

80 + + 

5o A 

A = {Ai/?,3 — B 2 A 0 — Ci)^(A 1 f?l)A2| 

"h {(Ai — B^Ao — A2B2} 

For illustration the following values of the con- 


sinusoidal motion having an amplitude of 10 degrees 
and a frequency of 0.0159 0 (w = 0.1) the angle ^ 
will vary sinusoidally with the same frequency, a 
phase lag of 3 degrees, and an amplitude of about 
1.0 d(!gree. At this .slow rate the amplitude of is 
nearly the equilibrium value of >/' if the torpedo were 
in a steady turn with the given rudder amplitude as 
a fixed rudder angle. 

If the frequency of the rudder motion is made ten 
times as great (/ = 0.159, to = 1.0) the amplitude 
through which ^ oscillates is still about the same but 
the phase lag ha,s become some 28 degrees. When the 
frequency is again multiplied by 10 (/ = 1.59, w = 10), 
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tho amplitude of \p is 0.18 d(!groe aud the pliaso 
lag has become over 90 degre<!S. At tliis frecpwmcy 
the torpedo turning is always in the transient state 
and steady turning conditions never get a chaiifa; to 
develop. 

The behavior of the angU; 0, is a little different as 
is shown, in Figure 5. For low frequencies it can be¬ 
come much larger than the rudder angle since the 
torpedo keeps on turning as time goes on. At the 
frequency of 0.0159 c (co = 0.1) the amplitude; of 0 


oscillates with a large amplitude. On the other hand 
if the rudder is moved rapidly back and forth ^ fol¬ 
lows it to some extent, hut 9 i,s hardly affected at all. 
When a torpedo starts to turn, \j/ increases first and 
then 6 follows, but if the direction of the motion is 
soon reversed there is not time for any significant 
variation in 9. 

An acoustic control will respond only to the sum of 
the angles {6 + \l/), lu'.nce it is important to see how 
this hollaV'es. Figure 6 .shows the aiiijilitude and phase 
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Figure 6. The value (.if log K^o -1- ^ii)/5oi as a function of oj. In atldifion the phase of a quantity that lags behind the 
sum of the angles by a constant lime lag t. This time lag corresponds to a greater phase lag as the frequency increases. 


is about 6.3 times that of the nidder angle. If the 
rudder i.s being oscillated with an amplitude of 
10 degrees, the 63-degree, amplitude of 9 would con¬ 
tradict the original assumption that all angles are 
.small and the differential ('quations would no longer 
apply. If, however, the rudder amplitude were made 
small, say 2 degrees, the; method would be applicable. 
Under these drciuiLStances the angle 9 lags some 
92 d(',grces behind the rudder angle 8. As thr; fre¬ 
quency i.s increased the amplitude of 6 becomes 
rapidly smaller .so that for « = 10 it is only 1/50 
that of 5 and somewhat more than that of if. The 
phase lag is also near 180 degrees. 

Thc.se eiirt'es illustrate the ways in wliich the two 
angles 9 and if behave when the rudder ls o.scillated. 
If it is swung slowly, if reachc.s a limiting value but 9 


of the negative of the sum, — (0u -|- ifn)/dn. The phase; 
is givTii by the curve marked r = 0. If the position 
of the rudder is made proportional to — (9{, + ifo) 
and there is no time lag, the .sy.stem will be stable and 
a large, stiffness can lie u,scd. This is .shown by the 
fact that the curve nmrk(;d t = 0 crosses the axis of 
zero phase shift at <a ~ 2.2 when; log | (da ifa)/&a | 
= —0.6. If, however, the almost imavoidable time 
lag is taken into aircount, restrictions are at om-e 
placeil on the stiffuc;,s,s. The curves marked t = 0.1 
and T — 0.4 .show the; pha.se of the rudder oscillation 
if it lags at time r behind {9 -1- if). If the time lag is 
0.4 see the phase bc.coines zero for u = 1.3. Tlii.s 
means tluit if tin; nidder Is oscillated at s-uch a rate, 
the motion of the body will be such as to just main¬ 
tain this oscillation when the coefficient of proper- 
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tionality is propcirly chosen. Figure 6 shows that for 
to = L3 the amplitude of the torpedo motion will be 
about 0.4 as much as that of the rudder. If then the 
stiffness is such that 0.4 degree torpedo angle pro¬ 
duces 1 degr(!(5 rudder angle the motion will just he 
maintained. A smaller .stiffness uill lead to the typo 
of stability in whic.h the oscillations will die out 
while a greater stiffness would cause the oscillations 
to increase without limit. 

9.4 GENERAL CONGTXSIONS 

The above examples illustrate thi- way in which 
the response of a torpedo to a control system can be 
analyzed. The constants describing the behavior of 
the body must be obtained from measurements in a 
water tnnnel or a wind tunnel and by a study of the 
turning charaideristics of the body. The description 
of the control system including such things as the 
stiffness and the time lag mu.st be determined either 
from actual measurements on the sy,stem or hy calcu¬ 
lations on the basis of the design. The above illus¬ 
trations are ea.ses of a '‘proportional” control, in 
which the rudder position is proportional to the dis- 
jilacernent of the torpedo from the prescribed direc¬ 
tion. It is po.s.siblc, however, to apply .similar analy.sis 
to cases in w'hieh the rudder is put haid over in (dther 
one direction or the other. The details of such sy.s¬ 


tems will not be worked out here but in general it 
appeals that the limitations on stiffries.s and time lag 
are a little more severe tlian with the proportional 
.systems. 

In general it is clear that “steering” and “sta¬ 
bility” are somcjwliat contrary requirements. To 
Steer easily a torp(!do .should respond quickly and 
vigorously to any departure from its prescribed 
course. This is produced by a stiff control system, by 
large mdders, and by <a short radius of turn. On the 
other hand the.se faetor.s tend to make a body over¬ 
shoot its eoui’se and to oscillate! wddely about the d(',- 
sired path. To provide stability on a course, the cor¬ 
rection of departur(!S from it must be teunpered by 
limiting the stiffness and the rudder area, by limiting 
th<' sharpness of turn, and in addition, by .shaping the 
body so as to i)roduce large damping forces. A stiit- 
able eompromi.se must be reached between the factors 
leading to good steering and tho,se hsading to stability 
on the (!our,se. 

In addition to the oppo.sing set.s of factors leading 
to good steering and to stability, a time lag in the 
control sy.stera alw'ays lead.s toward instability with¬ 
out producing any improvement in stoeiring. As a 
eiOTrsequeme’e, it i.s necessary to keep the time lag a,s 
snmll as possible .since', stability in the prose'.nese of a 
large time lag can be obtained only at the eixpense of 
steerability. 
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I N THK DETArLKD application of the firiiieiples tliat 
have been desciibed in the previous cliaptors 
thi^re are many points that must be given careful 
study, and engineering skill of the high(;st order must 
be put into the design in order to produce a practi¬ 
cal, workable, and ruggtid mechanism. Solutions of 
many of these problems can be riicognized in a .study 
of the accepted design.s and spiicifications, and will 
not lx; discussed here. In tliis chapter only a few of 
the problems that arc of general importance will bo 
mentioned. 

10.1 BAI.ANCING THE AMPLIFIERS 

In the circuit described in Chapter 8 it is neeiss- 
sary that the two amplifiers be clo.sely balanced and 
that this balance be maintained over a ver^' wide 
range of signal strengths. The most obmoua way to 
try to do this would be merely to design and con- 
.struct both amplifiers so carefully that the balance 
could be establiriicd once and for all, and would not 
change. Thi.s, however, is difficult for the large values 
of gain required, the type of service under which a 
torpedo must stand up, and the necessity of o(!ca- 
sional chang(?.s of tube.?, It has been u.sed in the 
ExFFdl42 mine as developed by the General Electric 
Company and manufactured by the Lt>eds and 
Northrop Company, In this circuit the gain of the 
amplifiers that must be accurately balanced i.s con¬ 
siderably loss tlian in other circuits and, although 
extensive, servie.e tests of this device have not yet 
been made, it appears to be capable of satisfac,toiy 
operation. 

Two other methods have been .successfully used in 
acoustically controlled torpedoes and will fie briefly 
indicated here. 

10,1.1 A Switching Scheme 

This method con-sists in using the same amplifier 
for both hydrophones and switching the amplifier 
rapidly from one to the other. In the first experi¬ 
mental models of the ExF42 mine thi,s switching 
was done mee.hanically by a rotating commutator. 


Figure 1 .sliow.s the schematic arrangement of such 
a system. The, two commutators are driven by the 
same motor so that both the amplifier aiul the recti¬ 
fier are switched from one hydrophone circuit to the 
other. The rate at vehich the cunurmtatioii takes 
place must be adjusted to the other propertuis of the 
control circuit. In the exixuimental model of the 
ExF42 mine tin; commutation was cnrrie.d out at a 
rate of 40 c. It was then necessary to make the time 
constant of the AVC so long that it did not act on 
the difference in response of the two hydrophones 
and .so tend to .smooth out this differential. This 
commutation frequency is also a frequency of modu¬ 
lation of the incoming .signal so that it sets a limit 



Fioctre 1. .SolietUMtic diagram of a mechanical switch¬ 
ing system by means of which a single amplifier and rec¬ 
tifier can be used in two channels, 

to the sharpness of tuning possible in the amplifier 
circuit. With suitable adjustment of the various 
time constants this commutation .system worked 
quite satisfactorily although it is not vc;ry suitable 
for Sm'vice use,. 

In the final form of the ExF42 mine the commu¬ 
tation wna-s carried out electronically and at a con¬ 
siderably higher rate. This system, free from moving 
parts, was felt to be much more satisfaidory for field 
use. In general, the switching method solves the 
proh'lem of balancing the amplifiers, but it intro- 
ducas additional difficulties associated with the 
switching equipment and thi; proper adju.stment of 
time constants. However, these problems can be 
satisfactorily solved as is evidenced by the per¬ 
formance of the ExF42 circuit. 
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10.1.2 A Pilot Channel System 

This method, which has shown satisfactory per¬ 
formance in experimental operation, provides moni¬ 
toring of each channel by a signal of a frequency that 
can be filtered out of the amplifier output and used 
to oiierate volume controls. Figure 2 shows a sche¬ 
matic diagram of this kind of system. A single 2-kc 
oscillator feeds a signal into both circuits along with 
the signals from the hydrophones. After passing 
through the amplifiers, the different frequency sig¬ 
nals are separated and the 2-kc signals are main- 


signal reaches a predetermined level at which ver¬ 
tical steering begins. Operations of this kind can be 
carried out by means of relays that are then called 
“gates.” It is possible to operate a gate on the sound 
differential as well as the sound level so that the 
torpedo steers on its gyro course until the differen¬ 
tial between the hydrophones attains a predeter¬ 
mined value. This type of gate permits operation at 
a somewhat lower level and also keeps the torpedo 
under gyro control as long as it is headed closely at 
the target. 



Figure 2. Block functional diagram of a pilot channel amplifier circuit as developed by the Harvard Underwater 
Sound Laboratory. 


tained constant and equal by their respective AVC 
systems. The ov'erall gain of the amplifiers is con¬ 
trolled by changing the level of the 2-kc input into 
both channels. This circuit also requires careful 
design but it has shown satisfactory operation in 
experimental models built by the Harvard Under¬ 
water Sound Laboratory [HUSL]. 

10.2 GATE OPERATION 

In many cases it is desirable to have the torpedo 
operate on a preset gyro course until the sound from 
the target has become sufficiently intense to give 
adequate control. In other cases it is desirable to 
steer in azimuth only, at a fixed depth, until the 


10 . 2.1 Level-Operated Gate 

The average sound level is given by the potential 
at the point P in Figure 1 of Chapter 8. This can be 
connected to a relay through a triode if desirable, in 
such a way that the relay operates when Vp reaches 
a prcdctcrinined. va,lu6. ThG rclEy cs-n. bG such, that 
it will open again when Vp drops, or it can be such 
as to lock closed after it has once operated. When a 
level-operated gate is used to transfer from gyro 
steering to acoustic steering, the adjustment must 
be such that the gate does not operate on self noise, 
for then the torpedo would go into a circle as de¬ 
scribed in Chapter 8 and would not continue to 
approach the target. On the other hand, the gate 
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should not require such a high level to operate it that 
the effective homing range is too short. 

If the torpedo self noise were entirely constant in 
time, so that the potential Vp due to it were main¬ 
tained constant, the gate could be set to operate at 
a level only a trifle above that of the self noise. 
However, this is rarely the case. The noise tends to 
fluctuate and may contain modulation frequencies 
corresponding to the revolutions of the propeller. 
It is then necessary to set the gate to operate suf- 
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that it is not operated, or at least is not often oper¬ 
ated, by peaks in the noise level. To set the gate 
above the highest peak that can occur would prob¬ 
ably mean setting it so high that the acoustic range 
would be too small, but the gate circuit can be de¬ 
signed so that its time constant will not permit it to 
operate on sharp peaks at all but only when the 
level is maintained for a sufficient time. If the time 
constant were indefinitely long, the circuit would 
respond only to the long time average level, but it 
can be made reasonably short and still respond to 
fairly representative average levels. It appears prac¬ 
tical to set a gate to operate at some 5 or 6 db above 
the average self-noise level and get satisfactory re¬ 
sults. If the self-noise level is low enough, this 
wasted 5 or 6 db is of little importance, but since 6 db 
corresponds to a factor of 2 in the range, there are 
cases where this may make the difference between 
satisfactory homing and a range that is too short to 
be of much use. 

In designing a circuit with gate operation, careful 
attention must be paid to the interrelationships of 
the various time constants. These are associated 
with the steering circuit, the AVC circuit, and the 
gate circuit. In the simple circuit shown in Figure 1 
of Chapter 8 the time constant associated with Vd is 
the same as that of the AVC, but this need not be 
the case. Presumably, the maximum gain of the 
amplifiers will be set so that the AVC will not be 
called into operation by the torpedo self noise and 
the time constant ol the steering circuit will then be 
made long enough to average out fluctuations in 
this noise but not long enough to introduce signif¬ 
icant instability into the steering. An additional 
length of time constant can then be introduced into 
the AVC since the average response of the two hydro¬ 
phones will change more slowly than the differential 
when the body is oscillating about its course. 

In some cases it has been found that the noise 
from a surface ship is strongly modulated at a rather 


low frequency corresponding to a propeller blade 
frequency. In such a case it may be undesirable to 
use a time constant long enough to average out this 
modulation because of the sluggishness that would 
be introduced into the system^. On the other hand, it 
is also impossible to have the gate relay opening and 
clo.sing several times a second until the minima are 
sufficient to operate it. Under such circumstances, 
the gate may require still a third time constant to 
control its operation. 

10.2.2 Differential-Operated Gate 

It is also possible to arrange a gate to operate on 
the differential response of the hydi'ophones as rep¬ 
resented by the voltage F^. If the re.sponse to self 
noise w'ere entirely symmetrical, the self noise would 
never cause any differential voltage. Since, however, 
the hydrophone circuits may be a trifle out of bal¬ 
ance, and since the noise itself may be stronger at 
one hydrophone than at the other and may also 
pulsate differently on one side than on the other, 
allowance must be made for a differential due to the 
self noise. The minimum that must be allowed for 
must be determined by experiments on each par¬ 
ticular kind of torpedo, but some pi'eliminary tests 
have suggested that 3 to 4 db might be ample. In this 
case the torpedo could start to home on a signal only 
1 or 2 db above the background if it were coming 
essentially from one side. This method has not yet 
had extensive service tests, but considerable ex¬ 
perimental work is being done on it. 

10.3 RUDDER OPERATION 

The rudders of a torpedo may be operated in a 
number of ways. Most conventional, nonhoming 
torpedoes use compressed air for this function, but 
since acoustic homing devices require electric circuits 
and electric energy, electrical rudder operation is 
frequently used. One method makes use of rudder 
motors. This is .suggested by analogy with the steer¬ 
ing of large ships where motors are often used to 
move the rudders. The first ExF42 mine used this 
system, and the experience gained in this way has 
brought to light a number of disadvantages. 

In order to get sufficient pow'er without a very 
heavy motor it is necessary to operate the motor at 
high speed, and to drive the rudders through a re¬ 
duction gear. This tends to produce noise and may 
be the limiting source of noise in the ExF42 mine. 
Furthermore, it is difficult to get sufficient quickness 
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of response because of the time necessary to acceler¬ 
ate the motor and gear system. This latter factor 
was found to be one of the principal elements in the 
time lag of the control system. On the other hand, 
rudder motors seem well adapted to a positioning 
system, since they can move the rudders to the de¬ 
sired position and then stop. 

Another method that has been used in the Ex20F 
torpedo involves the use of solenoids for pulling the 
rudders one way or the other. This provides quick 
action but involves the use of heavy currents, which 
are somewhat troublesome to handle, and greater 
weight. For a system in which the rudders are thrown 
one way or the other, this may be the simplest pro¬ 
cedure but the use of solenoids for a positioning 
system seems less straightforward, although it can 
be done. 

10.4 STEERING IN DEPTH 

For an antisubmarine torpedo the problem of 
steering in depth as well as in azimuth must be 
solved. Furthermore, the di-scovery of cavitation as 
a principal source of torpedo noise suggested at once 
that the acoustic homing range could be much in¬ 
creased by normally using a running depth of from 
50 to 100 ft. To attack a .surface target it is nec¬ 
essary for the torpedo to come up at the target in 
just the right way to hit it. This pre.sents problems of 
dynamics and control quite different from those met 
with in ordinary torpedo practice, and problems that 
are not yet fully understood. Just a few aspects of 
the matter will be mentioned here. 

One of the difficulties arises in connection with the 
stability of the torpedo with reference to heel, par¬ 
ticularly in the case of a torpedo with a single pro¬ 
peller. In this case the propeller torque is balanced 
by the torque associated with a di.splaced center of 
mass, and the torque is balanced only when the 
torpedo axis is horizontal. If the torpedo should 
travel vertically upward, there would be no torque 
compensation at all, and the torpedo would begin to 


spin. This suggests that means must be provided to 
limit the angle of climb or dive to such small value 
that no untoward spinning can occur. 

Another associated difficulty can be illustrated by 
considering the case of motion in a circle. If the 
rudders are put hard over to port, the torpedo takes 
up a circular motion and continues to turn in this 
circle as long as power is available. If, however, the 
elevators are put hard up, the torpedo starts to turn 
in a circle in a vertical plane. Before it has completed 
180 degrees it is upside down and will probably turn 
over, whereupon instead of completing its circle it 
starts up again. 

Another difficulty with vertical .steering is the 
presence of the surface. When maneuvering in a 
horizontal plane, the torpedo can oscillate from side 
to side of its course and if it mi,s.ses the target it can 
turn around and try again. If, however, it oscillates 
too widely in the vertical plane, it may jump clear 
out of the water and will return by falling back 
rather than by following the course pre.scribed by 
the controls. 

It seems that most of the methods thus far used 
for overcoming or avoiding these difficulties in verti¬ 
cal steering can be described as means for reducing 
maneuverability in the vertical plane and requiring 
the sharp turning to be done by means of the rudders 
for steering in azimuth. This can be done by means 
of a climb angle limiter in the form of a pendulum 
that takes control when the inclination exceeds a cer¬ 
tain maximum and cuts out or reduces the effect of 
the acoustic signal. Another method con.sists in re¬ 
quiring the vertical acoustic control to oppose the 
hydrostatic and pendulum depth control so that the 
torpedo can climb steeply only under a very strong 
signal. To keep the torpedo from ri.sing too soon the 
sensitivity in the vertical channel may be reduced 
below that in the horizontal channel. Most of these 
methods are palliative, and it seems that the problem 
of steering in depth still awaits a complete analysis 
and solution. 
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Tn A torpedo to be controlled by echo ranging, a 
X sound signal is radiated by a projector located in 
the torpedo, and the echo returned from a reflecting 
body in the neighborhood is used to steer the tor¬ 
pedo. Some of the problems involved in this type of 
control may be listed as follows. 

1. The projector must radiate into the water 
enough sound energy so that the returned signal can 
be distinguished from the background and self noise. 
The signal must also be radiated in a wide enough 
solid angle to reach any expected targets. 

2. The listening mechanism must be such as to 
identify the direction from which the echo is re¬ 
turned. It must not be put out of commission by the 
periodic operation of the powerful transmitter, and 
it must, as far as possible, distinguish the desired 
echo from undesired echoes such as reverberation 
and bottom echoes. 

3. The steering mechanism must be such as to 
direct the torpedo on the basis of the intermittent 
information obtained from the echoes. This is a 
somewhat different matter from steering on the con¬ 
tinuous information available to a listening tor¬ 
pedo. 

The remainder of this chapter will be devoted to 
a discussion of the problems of the projector. 

Let P represent the total power in watts radiated 
by the projector into the water. One of the principal 
advantages of the echo-ranging method is the fact 
that this quantity is to some extent under the con¬ 
trol of the designer. In general it is desired to make 
this as large as possible, so that some attention must 
be given to the factors that limit it. One of these 
factors is cavitation at the surface of the projector. 
If the minimum pressure in the sound wave gets 
down to the neighborhood of the vapor pressure, 
cavities will be formed into which the liquid evapo¬ 
rates and gas comes out of solution. This begins to 
occur in the neighborhood of watt per sq cm in 
water at about two atmospheres pressure. Observa¬ 
tions by the Bell Telephone Laboratories [BTL], 
however, have indicated that this figure can be much 
exceeded for very short pulses. Apparently, if a pulse 


length of about 1 to 5 msec is used, the cavitation 
does not have time to develop and more power can 
be radiated than with longer pulses. The BTL projec¬ 
tor for trial in the Mark 14 torpedo was thought to 
be radiating close to 1,000 watts. This is much above 
the }'s watt per sq cm and is possibly near the prac¬ 
tical limit for tranducers suitable for use in a tor¬ 
pedo. 

As indicated in the previous paragraph, more en¬ 
ergy can be radiated from a large projector than 
from a small one. A large projector, however, tends 
to have a narrow beam pattern which may, under 
some circumstances, be undesirable. It is necessary 
to have a pattern that directs sufficient energy off 
the axis to reach the desired targets. Hence, it may 
be desirable either to use a small projector or to 
direct the beam so as to scan the desired solid angle. 
In this connection, systems in which energy is radi¬ 
ated first to one side and then to the other side of 
the axis have been suggested by the British. If ar¬ 
rangements are made so that the torpedo itself 
moves in a circle, the beam scans a large region even 
though it itself is narrow. The turning must be at a 
rate slow enough so that the beam does not sweep 
over the target between pulses. Such a method is 
used in the ExFER42 mine. However, in case the 
torpedo starts out on a gyro-controlled course, the 
beam pattern must be wide enough to reach the 
target unless a searching procedure is introduced at 
a predetermined range. 

If the beam pattern is specified in advance, the 
W’^avelength and the linear dimensions of the hydro¬ 
phone must be kept proportional to each other. 
Hence, since the power that can be radiated is pro¬ 
portional to the area, the level that can be produced 
at the target increases with wavelength. To get a 
high signal level a large projector and a correspond¬ 
ingly long wavelength should be used. In case the 
pattern is not specified, the highest level is produced 
by the narrowest pattern. This implies a large pro¬ 
jector but a short wavelength. 

Another practical limit on the radiated power is 
the size and weight of the apparatus necessary to 
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drive the projector. Projectors are rarely more than 
60 per cent efficient and sometimas are as low as 20 
per cent so that from two to five times the power 
7’adiated must he supplied. If a very short pulse 
length is used, this power eaii be obtaine<l from a 
storage eondcns(;r so as to keep the average rate at 
which electric power is supplied ndativcly low. 

The important thing about the returned echo is 
not particularly its total energy but its spectmm 
level. If the energy is contained in a very narrow 
band of frequencies, and a sharply tuned receiver is 
Used, the signai-to-noLse ratio can be made higher 
than otherwise. However, if a short ping is used, the 
frequency band cannot he made too narrow. With a 
suitable definition of the liand width Ar and ping 
length T, it follows from Fourier analysi.s that for a 
suitably shaped pulse, 

1 

Ar = - I 


for r = 0.003 see, Av — 333 c. This is a rninimurn, 
and for a ping with a square envelope the reijuired 
frequency spread is greater. Furthermore, allowance 
must be made for the dopplcr effect b(!causo of both 
the motion of the torpedo and that of the target. 
Since the band width of the receiver must bt; filled 
by the echo to utilize the discrimination against 
noise, the band width of the projector must cover 
this, in addition to the expected doppler displace¬ 
ment. For this rea.son, the radiated band width has 
boon usually selected of the order of magnitude of 


1,500 e. 

Let Lt(d,R) he the spectrum level of the radiated 
signal at a distance R from the projector and off the 



pattern has circular symmetry so that 6 is the only 
angle on which it depends. It is also assumed that 
the intensity falls off with the square of the radius 
and with an attenuation fac.tor /i. 


Ltie,R) = L,( 0 ) - 20 log/e - ^iR (1) 
where Lt{d) i.s the eft'ecti^'e level at 1-meter distance 
and R is the distance in meters. The attenuation 
factor is subject to variation over I'athei' wide ranges 
under different oc(5anographic conditioiis. In addi¬ 
tion, it increases with the frequency. In the neigh¬ 
borhood of 24 kc, 0.004 db per meter is a rough value 
for good sound conditions, while at about 60 kc it is 
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over which the energy may be assumed to be uni¬ 
formly spnard, 

P = 2x X 6.45 X 10-» Av f’ 10^-"'"^^“ sin OclQ. (2) 


The integral expresses the fact that the power is ra- 
diatcid in different direction.? and tliat the total power 
is the integral of the flow. The factor 8.45 X 10“^ 
converts the level based on a root-mean-s(iuare pres- 
.sure of 1 d3me jier S(i cm to power in watts per square 
meter. The absorption b(!tween th(! projector and a 
distance of 1 mehu' i.s neglected. The integral can be 
expressed in terms of the directivity index D and the 
level for 6 = 0 and R = 1, Lf Then it follows that 

L\ = 10 log P ~ D - 10 log Av -b 70.9. (3) 

The level at any other angle can be obtained by 
subtracting the difference /j, — RtiS), obtained from 
the dhectional pattern. 

Ill addition to the strength of the signal, the 
.strength of the echo depends upon the nature of the 
target and the way it reflects the signal. For many 
purposes, the effective reflecting power of the target 
can well be expressed in terms of the radius, a, in 
meters, of an equivalent sphere, or the target strength 

T = 201og(^)- (4) 

This implies tliat the ship does not reflect like a plane 
but .scatters energy in all directions, and serves as a 
satfisfactory .statement of the situation except when 
the torpedo is clo.se to the target. A ship will have 
an effeeffive target .strength that depends strongly 
on its aspect. From ahead or astern the target 
.strength wall be muc.h smaller than from abeam. 
Target strengths from zero to 25 db have been ob¬ 
served on .surface ship,s.2' For large submarines the 
target strength is about 25 db within 15 degrees of the 
beam. At other aspect.? it is rather varialile becairse 
of the complicated shape of the submarine, but the 
values tend to fall around an average of 13 db. 

The .significance of the target strength i.s that, 
addeil to the signal level at the target, it gives th(! 
level of the reflected i)ulse at a distance of 1 meter 
from the target. The Icwel of the echo at the pro¬ 
jector is then obtained by subtracting another 
20 log-t- tiR. Hence, if L°r i.s the reflected level, 

Ll = 10 log P - 74 - 10 log Av -b 70.9 + T 

— 40 log R — 2fi72. (5) 


As was indicated in the section on torpedo self 
noise, the level of the reflected signal must be at 
lenst equal to the hydrophone re.sponse to the back¬ 
ground and .self noise. This ,S(;ts an upper limit to the 
range that can be attaiiKid and a lower limit to the 
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power that must l)e used for a desired range. The 
question of reverberation is not invoh'ed in the de¬ 
termination of the neeessary i)OWer, since the 



Fioohe 1. Curves A, B, and C represent the signal 
level reflected from a target of strength 10 db as a 
function of the range in meters. All three curves cor¬ 
respond to a fiequencj’^ spread of 1,500 C. Curves A and 
B represent an alworption coefficient of 0.004 db per 
meter and curve C one of 0,028 db per meter. For curve 
A the power is taken as 1,000 watts and for curves B 
and C as 100 watts. The directive indexes for cuiwes 
A and C arc —19 db and for B, —11 db. Curves D, E, 
and F represent the noise level SM a function of range 
from three types of ships, and curves G, II, a.nd I rei>- 
resent three possible torpedo background noise levels. 

reverboration is proportional to the pow(;r radiated. 

In Figure 1 curveK A, H, and C show the l(’v'(!l of 
the returned echo as a function of the range of the 
target for a number of assumed conditions. Curve A 
represents more or loss the situation contemplated 


in a scheme for echo-ranging control of a large tor¬ 
pedo. The pow(U’ P is 1,000 watts, the directive index 
D is taken as —19 db, the frequency range as 1,500 
c, the target strength 10 db, and the absorption c:o- 
efficient p = 0.004 db per meter corresponding to a 
frequency near 25 kc. Sucli a torpedo might have a 
self-noise level of at lea.st — 30 dbs so that the maxi¬ 
mum range to he expected would be in the neighbor¬ 
hood of 1,000 III. 

Curve B repre.sents somewhat the possibilities in 
th(! case of the proposed Bowler method of control. 
For illustration, the power is taken as 100 watts, D 
as —11 db, Ac = 1,500, T = 10 db and ju = 0.004 
db per meter. In this case the self noise may still be 
expected to be near —30 db so that the maximum 
range might be nt^ar 450 yd. 

Curve C corresponds to P - 100 watts, /) = —19 
db, Av = 1,500, T = 10, and ju = 0.028 db per 
meter. This is somewhat like the proposed FXF1CR42 
mine control. The absorption coefficient c.orresponds 
roughly to what might be expected at 60 ke and, as 
can be seen from the curve, this is important at 
ranges over some 400 yd. For short ranges, and par¬ 
ticularly for low frequencies, the absorption can 
usually be neglected. 

The self-noise level of the FjxFER 42 mine at 60 kc 
is not well established but may be as low as —65 db. 
Hence, the possible range is 1,100 m even with this 
rather low power. 

In some cases the noise made by the target ship 
may lx; an effective part of the bai^kground noise and 
may tend to mask the echo. It may be possible to 
design the hydrophone and circuit so that the tor¬ 
pedo will steer on such noise, in whicih case the 
masking is unimportant. If, however, as is more 
usual, such a noise merely reduces the gain, it will 
be necessiiry for the echo level to bo above the target 
noise as well as above the .self noise. Figure; 1 also 
shows curv<;s I>, E, and F of the expected target 
noise in sevea'al case;s. Fnim these it is clear that 
when the target noise e;xceeds the self noise of the 
torpeelo, it i.s the target noise that sets the limit 
to the range that can be reached by echo ranging. 
Outside the useful range for listening, tin; echo- 
ranging system (!an he operated if enough power can 
be used. 
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OF THK major probloins ill the design of an 
V/ echo-ranging type of homing control is to pro¬ 
vide for suitable identification of the desired echo. 
The usual echo-ranging systems for locating sub¬ 
marines make extensive use of the skill of the opera¬ 
tor ill distinguishing the desired echo from all the 
other noises that are present. Such skill is usually 
developed only after long praetiec, and to make such 
distinctions automatically is quite a different matter. 
It is one of the major problems in the de.sign of thi.s 
form of homing device. After the signal is sent out, 
the li.stening hydrophone will hear a number of 
different types of noise in addition to the desired 
echo from the target. These may be listed as; 

1. Self noise and background noise. 

2. Noise originating at the target. 

3. Keverberatioii, 

4. Bottom and surfaee echoes as well as echoes 
from extraneous objects. 

A number of schemes and devic(!S have been sug¬ 
gested and discussed, and some of them liavo been 
tried, for distinguishing the desired echo from the 
other four types of noise. Several of these will 
be briefly indicat(d in this chapter and their per- 
fonnaiKie with r(;f(!rcn(:e to the various interfering 
noises estimated. It is frequently possible to combine 
two or more of these schemes. 

12.1 USE OF A SHORT SIGNAL 

One method of identifying an echo is based on the 
use of a short pulse so that the returning echo con¬ 
stitutes a sudden and very short-lived increase in the 
intensity of the sound returning to the hydrophone. 
This method r(;quires that the automatic volume con¬ 
trol [AVC] in th(; d('te(;ting circuit have; a long time 
constant so that the amplifier gain will not bo 
changed by this very short f)ulse. On the other hand, 
it is also necessary that the steering circuit have a 
very short time constant in order to respond to this 
sharp peak. With this system, any sound that per¬ 
sists mnc.h longer than a pulse and for a long enough 
tinu', to operate the, AVC circuit merely c.auses a rc- 
<luctioii in amplifier gain and do(;s not affect the 
steering nie(!hanism. 


This system has some disadvantages with respect 
to discrimination against the self noise and back¬ 
ground noise, since it may respond to sharp peaks in 
that noise hciCause the time constant of the steering 
circuit is not long enovigh to smooth out these peaks. 
If, for instance:, the self noise should bo highly liiOu-ll- 
lated, it might be necessary to set the amplifier gain 
so that the system would steer only on signals that 
are very much higher than the rms value of the 
background and self noise. The same thing is true 
with resirect to noise originating at the target, so 
that such a system may have a disadvantage of as 
much as 6 to 10 db in its discrimination against noise 
originating at the target. 

On the other hand, this system is particularly good 
for discrimination against reverberation. Since, the 
intensity of reverberation is proportional to the 
length of I,he pulse emitted, the reverberatiou will be 
of a low level because of the use of a short pulse. In 
addition, m so far as the reverberation is not too 
irregular in form and does not contain too many 
peaks, the AVC circuit will reduce the gain so as to 
discrim mate against it. Since bottom and surface 
echoes are roughly of the same nature as rci'crbera- 
tion, the same statement afiplies to them. In general, 
it may be expected tlrat a system using a very .short 
pulse will not be limited by rcvcirberation and bottom 
and scirfac^e echoes, but rather by self noise and noise 
originating at the target. The experience of the Bell 
Telephone Laboratories [BTL] in the application of 
eclio-raughig homing and in the application of the 
Bowler schonw; appears to bear out this expectation. 

The advantages to he gained by this method are 
somewhat tempered, however, by the fact that the 
sharfMie.s.s of the emitted signal tends to make th(! 
revorhoration consist of many sharp peaks. The 
stu<ly of reverl)eration has shown this difference in 
character when produced by short signals as com¬ 
pared with the smoother form produced by a long 
drawn out ping. Furthermore, since tins echo is not 
returned from a simple plane surface, it t(!nds to be 
drawn out to some extent. If the reflection were 
produced along the whole length of a 300-ft ship, 
bow on, the (x'ho would be drawn out to 120 msec. 
Nothing ,so extreme as this is likely to occur, but a 
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IDENTIFICATION OF THE ECHO 


S'liisec signal will be returned as an appreciably 
longer echo if the effecti\'C reflecting surfaces are 
distribuied over 10 ft or more in range. 

12.2 USE OF A LONU SIGNAL 

In distinction to the system described above, one 
may undertake to make use of a relatively long 
pulse. The development of the ExFER42 mine by 
the General Electric Company and the Leeds and 
Northrup Company, Inc. has proceeded along this 
line. This involv'os the use of some type; of 4'olume 
control tliat will not operate on this pulse. In the 
case of the ExFER42 mine, the pulse is of the order 
of 30 msec in length, and it is then necessary either 
to have an AVC that does not operate on a pulse of 
this length or (flsc to have some other form of gain 
control in the amplifier. 

Because of the long time constants uivolved, this 
method may permit operation at only slightly above 
the rins value of the self noLse and the background 
noise. Peaks in this noise will not affect the st«>ring 
device at all. Tiie same thing is true of noise originat¬ 
ing at the target. On the other hand, because of the 
long pulse, the reverberation will be corresiMindingly 
high. Bottom and surface echoes will also bo at a 
high level, since their intensity is shuilarly more or 
less proportional to the pulse length used. Hiuice one 
may predict that systems using tliis scheme will be 
limited by reverberation, including bottom and sur¬ 
face reverberation, rather tliaii by self noise. The 
experience of the General Electric Company with the 
ExFER42 mine appears to bear out this predicdioii, 
although of course the self-noise level of the body 
with which thc’.y were working was very low. 


It is normally expected that the cliaracter of the 
echo will not be pre.sent in the self noise and back¬ 
ground noise, sin.ee this noise is more or less random 
and if it has a modulation, the modulation of the 
signal can be selected to b(; distinctively different 
from it. The same thing is true, of course, of noise 
originating at the target except that its modulation 
may not be .so well known in advance. Since the re¬ 
verberation and tin; echoes from the bottom and 
sirnfacie are returned from a great number of dif¬ 
ferent scatterers and different reflecting surfaces, the 
distinctive character of the pulse will be largely lo.st 
in them. On the other hand, it might Ije expected 
that the echo from a wcdl-defined surface, .such as 
that of a ship, might still contain a good deal of the 
character originally imprcs.sod upon the outgoing 
.signal. This will probably be true to .some extent, 
but, on the other hand, it must be remembered that 
the echo i.s not returned in general from a plane sur¬ 
face, especially in the case of a submarine. The echo 
is probably returned from a variety of different 
places on the submarine, so that the distinctive 
character of the signal will be preserved only in case 
it consists of modulation carried out .so slowly that 
the cliaiige in character of the signal while pas.sing 
over the targefl is not significant. Only a very small 
amount of experimental work on thi.s point has been 
done in connection with homing devices. Soni(;what 
more has been done with ordinary echo-rfinging 
systems. It appears that the General Electric; Com¬ 
pany in their work on the ExFER42 mine have in- 
ve.stigated a simple frequc'iicy sweep throughout 
their long pulse. They have not, however, used a 
detecting apparatus that was responsive only to a 
changing frequency. 


12.3 THE USE OF A MODULATED 
SIGNAL 

One method that has been .suggested for distin¬ 
guishing the echo from other noise i.s to impress on 
the outgoing signal a certain charactc-ristic that (;an 
be recognized when the sound is returned as an echo. 
It is in thi.s way that ordinary echoes are recognized 
in air when one recognizes a returning .shout. The; 
distinctive character of the sound may be in tin; 
fonn of simple modulation or it may involve fre¬ 
quency modulation. In fact, the two methods di;- 

SCrib(;d abov'e tha t of 3. VcTy pT.iis0 txii d that 

of a very long pulse — may well be regarded as 
special case.s of such modulation. 


12.4 USE OF THE DOPPLER EFFECT 

ExtoiLsive experimental work has been done by the 
Harvard Underwater Sound Laboratory [IIUSL] on 
the use of Doppler di.scrimination for identifying the 
tlesired echo. Tin; signal returning from a reflecting 
.surface will, in general, have a different frequency 
from that emitted becrause of the motion of the tor¬ 
pedo itsefl. This, how(;v(;r, is of little assistance be¬ 
cause of the fact that there will be self noise and 
background noise as well as noise from the target at 
all frequencies, and, c-onsequcntly, there will be in- 
t {'rf f?TGTl C 0 M t; the frecpnaicy of the returned echo. 
Similarly, the reverberation and the bottom and 
surface echo(;s ivill be shifted in frequency from that 
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of the omitted pulse. If the target sliip is at rest, the 
fnaiuency of th(; echo will be shifted in the same way 
as tliat of the rcver))eration, but if the target ship is 
moving, tlie froqueiiey shift will be different from 
tliat of reverberation and can be used as a means of 
separation. It has been possible to build a circuit 
that would recognize and operate only on echoes 
from a moving target. The presence of .some rever¬ 
beration ca?i be used in order to determine the speed 
of the torpedo itself and the Doppler effect due to its 
own motion. It also retjuires that the beam used lie 
not too wide, for otherwi.se the Doppler effect in the 
reverberation due to the sound sent directly ahead 
will be so different from that due to the sound 
emitted raoix; to the .side that the proper correction 
for the speed of the torpedo cannot be niadi;. To 
make the most of this system a long pulse mast be 
asiid. As indicated a})ove, a long pulse permits the 
most satisfactory di.scrimination against the seif 
noise. Since the Doppler effect i.s used to discrim¬ 
inate again.st the reverberation the long pulse; must 
bo used to reduce the significance of the other limit¬ 
ing factor. 

The fumdional operation of such a scheme is 
moderately complicated, but can be. made to operate 
more; or less satisfactorily. It is, how(;ver, subject to 
the disadvantage that it cannot be made to operate 
against a .stationary target. For details and di.scu.s- 
sion of this method, reference should b<; made to the 
work of the HUSb on Project NO-181. 


12.5 SIMPLE TIME VARIABLE GAIN 


To distinguish the echo from sedf noi.se and back¬ 
ground noise on the basi.s of intoasity, it is only 
necessary to require a signal somewhat higher than 


the background noise to operate the steering .system. 
If, however, it is required that a .signal higher than 
the maximum of the reverberation is necessary for 
operation, the homing range will be almost in¬ 
finitesimal becau.se of the extreme change in level 
of the reverberation. At some time shortly after the 
signal is emitted, the reverberation will roach a max¬ 
imum and then will fall off quite rapidly. In order to 
m_ake use of signals of moderate level, it is necessary 
that the amplifier gain be increa.sed as th(; rever¬ 
beration decreases, but that the increase bo stopped 
at such a point that tlie system will not steer on .self 
noise. This can be done by meaiLs of an A VC with a 
.suitable time constant. 


For certain localities it may be fjossible to predict 
approximately the reverberation, and it.s rate of 
change, and to provdde a simple change of the am¬ 
plifier gain that will cf>mpen.sate for this .assumed 
reverberation. If this cam be done, one has a rela¬ 
tively .simple sy.stem of identifying the echo merely 
by ineams of its intensity. Thi,s is gtsuerally done, 
however, at the sacrifice of a certain amount of pos¬ 
sible homing range, because allowance must bo made 
for the higliest pos.sible reverberation likely to be 
met. 

The above has been a very brief discussion of 
some of the method.s that may be u.sed to distinguish 
the; desired echo from the undesired noises, Thi,s i.s 
the basic problem of echo ranging, and in the appli¬ 
cation of echo ranging and homing (iontrol use must 
be made of all of th(; knowledge gained in the study 
of echo ranging or sonar systems. Although con¬ 
siderable attention has been given to the problem, 
and it aiqiears that the ExFEH42 mine will operate 
at least in a moderately satisfactory way, a great 


deal of .study is nec 0 .ssary liefore the bi 


method of operation can be selected. 





Chapter 13 

APPLICATION OF ECHO TO TORPEDO STEERING 


T he riiOBLEMS of manouverability and i«t-ability 
oil course are somewhat different in the case of 
torpeiloes that home by echorangiiig than in the 
case of those that home by listening. This is because 
the echo hiformation on which tho stesermg is based 
comes only at intervals, and the intervals are longer 
the longer the; contemplated homing range, h'or ex- 
aiiipk;, if signals are emitted (na-ry scKiond, the maxi¬ 
mum homing range is half the di.stance traveled by 
sound in a second, or roughly some 800 yd. 

The above restriction assiinies that time iiiirst be 
givam for tiie echo to return before another pulse is 
emitted, and can be modified if two or more; pulses 
of widely different frc^qin'iicie-s are used in sequence. 
A period of I sec, could he; allowed for the retiuai of 
each frequency, but the number of signals returning 
per .second would be equal to the number of different 
frequencies used. Pushed to the limit this would re¬ 
sult in an echo-ranging sj'.stem similar to f-m sonar, 
and such a system might be useful in some cases. It 
seems questionable, however, wlicth<‘,r such eom- 
olication w'ould ordinarily be justified. This is 
partly because, tho effective homing range that can 
be; obtained with .satisfactory reliability is perhaps 
not over 800 to 1,000 yd beciursc^ of water conditions. 
When the ranges are limited to this amount, infor¬ 
mation can be obtained every second and this is 
probably sufficient for stcau'ing at a target whose 
maiK'.uvcnability i.s similar' to that of ships in use 
today. 

While far from being a comprehensive study of the 
problem, three methods have becai given a prelimi¬ 
nary trial. All of lhe.se are siibjefd, to the restriction 
just discussed. 

is.l THE BOWLER SCHEME 

This i,s fundamentally the simplest method. It wa.s 
suggested and started by the British, and was taken 
up and studied for a time by Bell Telephone Labora- 
torie.s, Iik;. [BTL], 

The B()\vk;r scheme is based on the idea of making 
the torprido go into a circk; when in the neighborhood 
of tin; target, and the echo-ranging system is used 
essentially to determine whert the torpedo is in the 


neighborhood of tho target, and to which sidt; of its 
first course it should circle. In the model later 
studied bj" BTL a hydrophone was plac(',d on each 
side of the head of a Mark 13 torpedo. Soimd pulses 
were emitted from both sides and the puisence of an 
<^cho could bo dc'tected in one or tho other hydro¬ 
phone. In fact, the two side.s are (!S.seutiaHy inde- 
Ijcndeiit. Each side is charged with the re.sponsi- 
bility of determining if there is a target on its side. 
A satisfactory echo from one side puts the rudder 
Imrd ov(!r to that side and k(;eps it there .so that tho 
torpedo circles toward tho target. 

Prelhniiiary analysis indicated tliat this simple 
a(;h(un(! should veiy much increase the probability of 
an effective bow shot, while it would leave the proba¬ 
bility of a hit from tin; beam essentially uiiohjiuged. 
It might, in fact, iwoinde a target of roughly tho 
saim; offoctive '^vidth from all dire<!tion.s. On tho 
other haml it is clear that a homing range iiiiieh 
greah^r than the turiimg radius of the torpedo (iaiinol 
ho iisfal, and tliixt both of these must bo kept loss 
than the length of tho ship for a bow shot to b(> ef¬ 
fective. The selection of the homing range and the 
turning radiu.s mufst be miido in the light of .some 
knowledge of the length of the. ship to be attacked, 
tho relative speeds of torpedo and its target, and the 
relative importance of bow and storn .shots. 

In this system everything do})ends upon the proper 
kkmtification of a .single eelio, for a false echo on the 
wrong side would turn the t()ri.)edo away from the 
target and it woidd never return. A false echo on the 
correct sidci might still cause the torpedo to turn 
toward the target, but to turn too soon and hence to 
mis-s. To minimize tho, possibility of .steering on false 
echoes, it has been suggested that two or throe suc¬ 
cessive echoes be reciuirod to put the rudder over. 

With respect to sfixaing problems this i.s perhap.s 
the simplest po.ssiblo system. It is subj(;ct, however, 
to all of the difficulties a.ssocia.ted with identification 
of the o.(;h() that were d(iscribed in the previous chap¬ 
ter; and this problem is of extreme importance for 
the reason just indicated. The difficulty is somewhat 
minimized, however, by the fact that only short 
homing ranges, of the order of 100 yd, are desired. 
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As a steering system the Bowler idea is unques¬ 
tionably satisfactory, since a torpedo can easily be 
made to run in a circle at a set depth. It only remains 
to be determined whether the changeover from a 
straight course to a circle! is an effoedive maneuver, 
and whether the echo-ranging system can identify 
the desinid echo in order to make the switch with 
sufficient reliability and at the right time. Up to the 
jnesent this has not been given any extensive field 
tests. 

13.2 METHOD OF THE ExrER42 MINE 

In the ExFER42 mine, steering and searching are 
COinbiueti ill ti SilTiplo ilim 6if6CtiV(3 iTiii71il(rr l)y 
the mine left rudder when no echo is identified and 
light rudd(!r when an echo is heard. In practice this 
is made a trifle more complicated to minimize the 
effect of false echoes hut the principle is as just 
stated. In the absence; of an echo the mine turns 
stcaidily in a circle and sesarches for a targ<;t. When 
an echo is received and identified, file rudder is 
thrown right and held there until a certain period 
elapses during which no echo is heard. By this means 
the mine is made to approach the target along a 
sinuous path. 

Here, as in the Bowler sclieine, the rudd<;i' is 
thrown hard over and the mine goes into a circular 
path. It is important that tlie angular rate of tuniiiig 
be so related to the beamwidth of the jirojector and 
receiver that the beam does not sweep aero.ss the 
target before there is sulheient time to get a good 
echo. 

Uoughly, it may be said that the mine steers at 
one end of the target and the wake, since the waki; is 
also a target wliiclr reflects the sound. As just de¬ 
scribed, the inliie steers at the right end of the com¬ 
bination. If the normal direction of circling, without 
echo, is to the right, the mine will l(;nd to steer at 
the left end. This may have some advantage in per¬ 
mitting the mine to follow along a wake until it 
comes to the target ship, unless of course it is going 
in the wrong direction. Preliminary field tests have 
shown thjit this system will operate satisfactorily 
against a submarine when it i.s combined with a suit¬ 
able system for steering hi depth. Presumably it will 


also oiierate against a surface vessel but extensive 
tests on this point liave not been carried out. 

This introduces more djmamic problems than does 
the Bowler scheme liecausc the torpedo i.s not al¬ 
lowed to settle down into a steady turning circle but 
may be barely out of the transient state liefore the 
rudder is reversed. In dcjulguing the systcan it is im¬ 
portant to know the duration of this transient state. 
It Ls also important to minimize the roll both during 
the tran.sient and the piirmiinent state of tnrniiig. 
This is especially true if the projector is not sym¬ 
metrical about the torpedo axis. 

13.3 CORRECTION OF GYRO COURSE 

The method that has been propo.sed hy BTL for 
echo-ranging control of the Mark 14 and other tor¬ 
pedoes applies the acoustic information to the cor¬ 
rection of (Ik; gyroscope heading. This can he done 
rather easily through the gyro preset mechanism, 
and the questions of stability on course are then 
merely those of the ordinary gyroscope steering. 

In tills system as experimentally built up, the re¬ 
ceiving system determines the bearing of the target 
that returns the echo and turns the gyro to this 
bearing as long as it is le.ss than some 6 or 7 degrees 
away from the torpedo axis. If, however, the target 
is farther than this from the torpedo axis, the gyro 
is turned only a maximum amount of some 6 or 7 
degrees. Tliis maximum angle is approximately the 
angle through which the torpedo itself can turn in 
the interval between successive echoes. 

A similar method is used in the depth control of 
the ExFEll42 mine. In this systtan the echo is in- 
tcrpreteil as coming from cither above or below the 
torpedo axis, and a pendulum that controls the rate 
of dive is adjusted accordingly. 

Both of these applications make use of the infor¬ 
mation d<;rived from the echo to make adjustments 
of the normal torpedo control mechanism. If these 
adjustments are made slowly enough, the dynamic 
properties and the stability of the control system are 
not affected. This is the occasion for the limited rate 
of turn indicated above in the Mark 14 experinuaital 
control. On the other hand, the adjustments must 
be made rapidly enough to provide the desired hom¬ 
ing on the target. 




Chapter 11 

NEEDS FOR FURTHER STUDY 


T hk above outline inflicateK in a rough way the 
general state (jf knowledge concerning acoustic 
homing torpedoes. It is quite clear that, the present 
knowledge of the subject is very sketchy, and is only 
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weapons. Many of the gaps in understanding ha\T, 
been quite appannit in the previous chapters but 
this chapter will constitute a brief suiimiaiy of some 
of the princij)al lines along which additional re.search 
needs to be carried out. 


H.1 TACTICAL ANALYSIS 

A good deal of study is iiocdod to make ck^ar what 
kinds of homing weapons are desirable; and needed. 
It is (;a.sy to say that a homing torpedo should run 
as fast as possible, travel a.s far as possible, and 
should have as great a homing range as possible. In 
addition it should be as light as fiossiblc and carry 
as heavy an (!xplosive charge as possible. It is ob¬ 
vious, however, that all of the.se ends cannot be ac¬ 
complished at the same time. Some of them are more 
or loss opposing, and it is important to make a care¬ 
ful evaluation of each one so that it can be properly 
appraised in reference to the others. Such a study 
would provide the basis for designing a suitable 
compromise. 

A useful tactical analysis must be basenj on in¬ 
telligent estimates of tlio objectives to bo desired. 
It is probably not very practical to have a universal 
weai)on which would naturally not be ideally adapte<l 
to any one purpose;. A torpeido for u.sc against mer¬ 
chant ve.ssels may be quite different from one for 
use; against naval vessels. I’he foriiKU’ may require 
only a slow iTinning sp(;cd but possibly a long under¬ 
water range. It need have; only a mod(;i’ate explosive 
charge but may possibly recpiirc a long homing 
range. A torpedo for use against war.ships may re¬ 
quire a much higher oxpio.sivc ciiarge, will certainly 
require a higher und(;rwater running spec;d, and it 
may be proper to attain tliis latter by sacrificing 
homing range as w-ell as underwater range. A torpedo 
to be launched from aircraft should probably have 
quite different specifications from one to b(’, launched 
from s(ibmarine.s because the element of stealth is 
practically lacking from its tactical use. 


Considerable attention also needs to be given to 
the subj(!Ct of decoys. It seems probable that any 
acoustic homing torpedo is subjecd to a decoy of 
some kind, but careful analysis of the nature of po.s- 
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can lead to a specifica tion of a homing device of such 
a nature that the decoy problem is made as difficult 
as possible. 

These tactical problems h.avc; already l)t;(;n given 
some attention,^® and some, tentative conclusions 
have been reached, but much more w'ork ou tin; 
problem is nec.es.sary before it can be con.sidere<l as 
fully und(;rstood. 

14.2 SFXF-NOISE STUDIES 

The self-noise problem is really the heart of the 
acoustic homing torpedo problem. As ba.s alrc;ady 
h('en indiiiated, a groat deal of work still remains to 
be done before the sources of noise are understood 
and before the best method of reducing and dis¬ 
criminating against this noise can be, specified. The 
.studies nec(!ssary in ibis comie('tion can he groupal 
under several headings. 

1. A thorough study of propeller cavitation is 
needed to determine if this source of noise; can be 
cliininatc'd while at the same; time adecpiate; thrirst 
is maintained. Up to tin; present pracfficailly nothing 
ha.s been pat into practice along this line, and (;avi- 
tation noise is reduced only by running the torped()(;s 
at considerable; depths. Against surface; .ships this 
mak«;shift involve.s all of the elifficulties of acoustic 
steering in the vertieial plane. These coulel be elimi¬ 
nated if quiet proi)e;lle;rs were available. 

Such a stuely will presumably require a carefully 
coordinated combination of theoretical and experi¬ 
mental work. This type of thing has been started by 
the Harvard Underwater Sound Laborntoiy, but it 
is a long-time; program and it is probably only after 
.several years of work that practical results can be 
exi^eclcd. 

Cavitation at other points on the torpeslo must 
also be avoided but this is apparently not trouble¬ 
some until sp(;eds much higher tlnui tho.se at which 
the propeller cavitation now' provides a dominant 
.source of noi.se. 
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2. Attention ia also needed to methods of reducing 
the machinery noise hiside the torpedo and of the 
transmission of this noise; to the shell. The sources of 
the noise are not at all clearly understood, and the 
methods of acoustically isolating the machinery from 
the shell have only been given very preliminary con¬ 
sideration. 

3. The qu(;stion of the dependence; of self noise on 
frequency has not yet been given more than a very 
hasty examination. It is not known whether the use 
of higher frenuencies would decrease or increa.se the 
difficulty due to cavitation noise nor how it would 
affect the problem of machinery noise. 

4. A great d(;al of work is yet to be done on the 
problem of hydrophone isolation and the best way 
to i)rovide a hydrophone that discriminates again.st 
the; self noise of the torpedo. Presumably diffcr(;nt 
characteri.stics are reqiiir<;d to discriminate agamst 
cavitation and against machinery noise. Pre.sumably 
the directivity pattern is of some uiiportance, but 
the method of mounting Is certaiidy of equal im¬ 
portance. 


11.3 HYDROPHONE STUDIES 

In addition to the design of hydrophones to di.s- 
criminate against self noise, considerabk; work .seems 


called for on the general subject of the proper kind of 
hydrophone to use under the severe conditions to 
which a torpedo is .subjeet. Various types of crystal 
and magnetostriction hydrophones have been tried 
and sugge.sted. Some of them have operated through 
the torpedo shell and some have requm;d a hole cut 
in ihi(j wlieli. All of tiieni iire more subject to daniiigo 
than would be desirable. 


14.4 ELECTRIC CIRCUIT AND 
CONTROL METHODS 

The techniques available in electric circuits and 
electrical and mecbanical methods of applying the 
acoustical information to the steering of the torpedo 
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considerable work can be done to improve the re¬ 
liability and simplicity of tbe whole system but it 
seems more important to determine what it is de¬ 
sired for the control system to do. This must be 
t)a.sed on the kind of study included under tactical 
analysis. 

Of course;, additional .study is always called for tO' 
improve ra<;thods of manufae'ture and maint(;nencc, 
but the subjects just indicated seem to be; tho.se on 
which study is necessary to improve the functional 
performance of the homing t()rpedot;s. 
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Chapter 15 

INTRODUCTION 


A m echo-ranging torpedo control system is one 
which employs a transmitter, operating at a 
definite frequency, which sends out an acoustic pulse 
into the water at periodic intervals and then controls 
on the echo, which is reflected back from the target. 

Since the hydrophone in an echo-ranging control 
system is exposed to the self noise of the torpedo 
while it is listening for the returning echo, the re¬ 
sponse of the hydrophone to the self noise deter¬ 
mines the lowest level of echo which can be effective 
in control of the torpedo. The following review of 
terminology and units should help the reader to fol¬ 
low later discussions of problems involving the use of 
transducers. 

Wien a hydrophone is expo.sed to a pure-tone 
acoustic signal in water, a voltage is developed across 
its terminals because of the dynamic sound pressure 
on its surface. It is common practice in acoustics to 
express power and voltage ratio.s on a logarithmic 
scale. If there are two values of power. Pi and P 2 , 
the result is by definition. 


10 log — = power ratio 
Pi 


expressed in decibels (db). If the two amounts of 
power are generated in systems of the same im¬ 
pedance, voltages will be developed such that the 
pow'er is proportional to T^. Then, 


Vi 

20 log 3” = corresponding voltage ratio in db. 
V2 


If Vi is 1 V, Vi can be expres.sed as 20 log decibels 
relative to 1 v. The sensitivity of a hydrophone is 
normally expressed as the number of decibels rela¬ 
tive to 1 volt per dyne per sq cm rms dynamic .sound 
pressure when a pure-tone signal is used. 

If the hydrophone is used to m.easure random, 
noise in water, a reference pressure of 0.000204 dyne 
per sq cm is used, and the noise sensitivity of the 
hydrophone is expressed as the number of decibels 
relative to 1 volt per 0.000204 dyne per sq cm per c. 

The intensity of a sound field is expressed in terms 
of the pressure generated in a hydrophone in a 1-c 
band width. Arbitrarily, a sound field is defined as 
zero spectrum level sound field w'hen it is capable of 


generating a dynamic sound pressure of 0.000204 
dyne per sq cm in a band width of 1 c. 

The intensity of the sound field is expressed in 
decibels spectrum (dbs) equals 20 log (rms dynamic 
sound pressure per cycle)/(0.000204 dyne per sq cm 
per c). Since the power passing through unit area in 
the sound field is proportional to the square of the 
pressure, pressure ratios in the sound field can be 
expressed on a decibel scale as 



A zero .spectrum level sound field therefore generates 
a pressure of 74 db below 1 dyne per sq cm per c. 

If the band width to which a hydrophone and its 
associated equipment is sensitive is considered, the 
power absorbed by the hydrophone will be propor¬ 
tional to the band width in cycles per second. When 
two frequency ranges A/i and A /2 are considered, the 
ratio of equivalent power expressed in decibels is 


10 log 


A/2 


The voltage generated in a hydrophone is equal to 
hydrophone sensitivity -f 20 log p/0.000204 -|- 10 
log (band width in cycles per sec)/(l c). The hydro¬ 
phone sen.sitivity is the number of decibels relative 
to 1 volt generated by a sound field of zero spectrum 
level when the band wndth is 1 c. The rms sound 
pressure is p in the field in a 1-c band wddth and 
20 log p/0.000204 is equal to the intensity of the 
sound field expressed in dbs. 

As a practical example consider a noise field of 10 
dbs which is being measured with a given transducer. 
Assuming that this signal is fed into two different 
receivers, one with a band width of 4 kc and the 
other with a Imnd width of 1.4 kc, in the first case, 
that of the signal level as seen by the receiver of a 
4-kc band width, the 10 dbs noise is 10 db above 
zero spectrum. The 4-kc band width is then 36 db 
above a 1-c band width and the effective dynamic 
sound pressure wdll be — 74 -j- 10 -f- 36 = — 28db 
below' 1 dyne per sq cm. If the sensitivity of the 
transducer is 94 below 1 v per dyne per sq cm per c, 
the effective voltage developed by the transducer for 
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the 4-kc band-width receiver will be —28 — 94 = 
—122 db below 1 volt. In the second case of the 1.4-kc 
band-width receiver, the effective dynamic sound 
pressure will be — 74 -|- 10 -t- 31.5 = —32.5 db be¬ 
low’ 1 dyne per sq cm and the effective voltage de¬ 
veloped on the transducer will be —32.5 — 94 = 
— 126.5 db below 1 v. 

Another important characteristic of a transducer 
is its directivity index. If a hydrophone is uniformly 
sensitive to sound incident from all directions, its 
directivity index expressed in decibels will be zero. 
If two hydrophones have the same sensitivity but 
different directivity index, they \vill give the same 
response to a unidirectional sound providing the 
sound arrives at both of the hydrophones on the 
axis of maximum sensitivity. If the hydrophones are 
placed in a sound field such as the ambient sound 
field in a body of w’ater, where sound is incident uni¬ 
formly from all directions, then the level of signal 
recorded by the two hydrophones will be different. 
For example, assume that tw'o hydrophones, A and 
B, have the same sensitivity, but that A has a direc¬ 
tivity index of —10 db while B has a directivity index 
of —20 db. Supposing that hydrophone A was used 
to measure ambient water noise with a given am¬ 
plifier and then hydrophone B is substituted, the 
signal level observed with B will be 10 — 20 = —10 
db, or 10 db lower than the signal observed with 
hydrophone A. 

When a transducer is used as a projector it trans¬ 
forms electric energy from an alternating current 
into an alternating sound pressure; the relation be¬ 
tween power and rms dynamic sound pressure is 
analogous to the familiar relationship connecting 
electric power, voltage, and resistance, and is given by 



pc 


P is the power delivered measured in ergs per second, 
p is the rms dynamic sound pres.sure in dynes per 
square centimeter, pc is the radiation resistance 
where c is the velocity of sound measured in centi¬ 
meters per second, p is the density of the medium in 
grams per cubic centimeter, A is the area of surface 
in square centimeters through which the sound 
passes. For example, if a projector of directivity in¬ 
dex zero emits 400 watts of power into water, the 
rms pressure at 1 meter can be calculated from the 
preceding formula by use of the values 

«/» xsrotoT* = 1 nnn rpm TNOT* an nm iior can 
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A for 1-meter distance = 126,000 sq cm, 


Since 


150,000 P 
126,000 


1.19 P. 


P = 400 w’atts = 40 X 10® ergs per sec, 
p = 40 X 1.19 X lO"* = 6.9 X 10“* dynes per sq cm, 
6.9 X 10^ dyne per sq cm = 97 db above 1 dyne per 
sq cm. 


In case the directivity index of the transducer has 
the not unreasonable value of —23 db, the rms sound 
pressure on the axis of the transducer at 1-meter dis¬ 
tance will be 


p = 97 -|- 23 = 120 db above 1 dyne per sq cm. 


If the sensitivity of a hydrophone is measured as 
a function of angle of incidence of the signal, the 
sensitivity normally varies in such a way that it 
reaches a maximum in one direction called the axis 
of the transducer. The curve showing the variation 
of sensitivity as a function of angle is called the pat¬ 
tern of the transducer. The directivity characteris¬ 
tics of the transducer are normally expressed in 
terms of the number of decibels reduction in sensi¬ 
tivity for a given angle measured from the axis. The 
curve of sensitivity as a function of angle usually 
show’s .secondary maxima of sensitivity at fairly large 
angles from the axis. These secondary maxima are 
called minor lobes and their sensitivity compared to 
the sensitivity on the axis of the transducer is an 
important consideration in the performance of the 
device. 

An echo-controlled torpedo must be able to send 
out an acoustic signal, receive the echo reflected 
from a target, and on the basis of the information 
supplied by the echo, steer toward the target. The 
factors w'hich influence the effectiveness of the echo 
are self noise of the torpedo, thermal gradients in the 
water, strength of the target, reverberation, and the 
use of countermeasures by the enemy. 

The projector on the torpedo con'verts the electric 
energy generated in the transmitter into acoustic 
energy. The projectors normally used are designed 
w’ith directive indexes of — 20 to — 25 db so that the 
acoustic energy is concentrated on the axis. As the 
sound progresses through the water it is reduced in 
intensity by the inverse square law and by absorp¬ 
tion in the water. AVhen it strikes the target a certain 
percentage is reflected back and on the return path 
the losses due to the inverse square law and water 
absorption again take place. In addition, thermal 
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gradients in the water can cause a further loss in the 
echo intensity. 

During the period immediately following trans¬ 
mission of the acoustic pulse, reverberation is re¬ 
turned from the surrounding volume of the water 
and from the surface and bottom. This reverberation 
intensity decreases with time, and, although it is 
necessary to protect the receiver against it during 
the initial stages, it is not a factor which will affect 
maximum range. 

In order to consider the problem exactly it is neces¬ 
sary to define a quantity called the target strength. 
Since it is possible to compute the reflectivity of a 
perfectly reflecting sphere, the equiv^alent sphere size 
is a convenient quantity to associate with a target. 



EQUIVALENT SPHERE DIAMETER IN FT 

Figure 1. Relation between target strength and equiv¬ 
alent sphere size and representative target .strengths. 


If the transmission and reflection process are formu¬ 
lated more exactly, another more conv'enient means 
of expressing target strength can be derived. 

Let La = rms pressure level of a transmitted pulse in 
db vs 1 dyne per sq cm at 1 yd from the 
projector in the direction of the acoustic 
axis; 

R = range in yards to the target; 
a = attenuation in db per yard at the specified 
frequency. 

The pulse intensity at the target may be expressed as 
La — 20 log R — aR 

expressed in db vs 1 dyne per sq cm. 

At the target, a certain fraction of the energy is 
reflected and the reflected ray suffers the same loss in 
returning to the target as it did in going out to the 


target. The signal strength returned to the trans¬ 
ducer will then be 

La - 20^ogfl - aR - 20 log R - aR + T. 

Loss to target Loss from target 
In this expression T is the strength of the target in 
db necessary to make the above expression equal to 
the intensity of the returned echo. 

It has been shown that 

T = 20 log D - 12 

where D is the equivalent sphere diameter. A sphere 
of 4-yd diameter therefore has a strength T = 0. 

Figure 1 shows values of T for several types of 
ships and it also shows the relation between target 
strength T and equivalent sphere size. 

In order to utilize an echo for control of a torpedo 
it is necessary to have a small margin of signal level 
over the lev^el of the seK noise of the torpedo. It is 
possible to define the acoustic range of an echo¬ 
ranging torpedo by means of the following equation: 

La - 40 log if - 2afi + T = -f 10 log IF-I-M - 74 

where La = the acoustic rms pres.sure level of the 
transmitted pulse in db vs 1 dyne per sq 
cm at 1 yd from the transducer on the 
acoustic axis; 

R = the acoustic range in yards; 
a = the attenuation in db per yard; 

T = the target strength in db; 

S = the rms self-noise level in db spectrum 
(v's 0.000204 d3me per sq cm per c) as 
measured with the torjredo transducer 
used as a receiver; 

W = the band width of the system in cycles 
per second; 

M = the signal-to-noise margin in db required 
by the system. 

If S is giv^en in db v's 1 dyne per sq cm per c, the 
factor —74 should be omitted. 

Table 1 shows v^alues of La for a series of values of 
acoustic power and for two values of directivity in¬ 
dex. 

Table 1 


Acoustic power 
in watts 

Lii in db vs 1 dyne/cm^ at 1 yd 

For Z) = — 20 db For Z) = — 25 db 

250 

115.5 

120.5 

500 

118.5 

123.5 

1,000 

121.5 

126.5 

2,000 

124.5 

129.5 
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Two commonly used frequencies for echo-ranging 
control are about 25 and 60 kc. The value of D for 
the 25-kc systems is approximately —20 db while 
for the 60-kc systems it is approximately 25 db. 
Making the assumptions indicated in Table 2 which 
are consistent with the best information available it 


Present information indicates that the lowest feasi¬ 
ble values for the torpedo self noise in a 30- to 35- 
knot torpedo are 15 to 20 dbs at 25 kc and 5 to 10 
dbs at 60 kc. 

Echo-ranging torpedo control has been used in all 
torpedo applications. The actual design of the con- 
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ACOUSTIC RANGE IN YARDS 

Figure 2. Acoustic range as a function of torpedo self noise at 2.5 kc. 


is possible to calculate values ol the maximum po.s- 
sible acoustic range as a function of torpedo self noise 
for different values of acoustic power output. 

Table 2 

Quantity 25 kc 60 kc 

a 0.003 db per yd 0.015 db jier yd 

T 10.5 db 10.5 db 

W 1,500 c 1,500 c 

M 3 db 3 db 

Figures 2 and 3 show the maximum ranges calcu¬ 
lated as a function of torpedo self noise for a series of 
acoustic powers for the 25-kc frequency and the 60-kc 
frequency. 

It must be remembered that these are the values 
obtained under ideal operating conditions and will 
be decreased by the additional attenuation produced 
by thermal gradients if they are present. 


trol system, however, is determined to some extent 
by the application in which it is to be u.sed. In anti- 
.submarine applications, the torpedo is launched 
either from an aircraft or from a surface ship. When 
launched from an aircraft, the actual position and 
bearing of the submarine are not known. The tor¬ 
pedo is normally dropped as near as possible to the 
swirl left by the di\dng submarine. In this case the 
torpedo normally searches in a circle either at some 
hxed depth or with the depth continuously increas¬ 
ing. As soon as the torpedo receives an echo from the 
target it goes into acoustic control in both azimuth 
and depth until it either strikes the target or loses 
the acoustic contact. It is obviously necessary in this 
type of device to use acoustic control in both azimuth 
and depth. 

In the case of a surface-ship-launched antisub¬ 
marine torpedo, there is some knowledge of the bear- 
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ing of the target at the time of launching, but the 
torpedo is launched at such short ranges that cir¬ 
cling search is employed. Since the amount of ex- 
plo.sive which is necessary to cripple a submerged 
submarine is less than that nectissary to cripple a 
surface warship, a small torjjedo is usually used in 


limits the angle over which it is possible for the tor¬ 
pedo to locate a targfd in the initial search. Two 
compromise,s have been used. One is to make the 
beam pattern of the hydrophone very narrow in the 
vertical plane and broad fuiough to cover an angle of 
approximately 60 degrees in the horizontal plane. 
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ACOUSTIC RANGE IN YARDS 


PloURli 3. Acoustic range as a function of torpedo self noise at 60 kc. 


this service. For tactical rea.sons, the.se torpedorrs 
have been designed so that they can be carried in the 
bomb bays of ordinary bombing jrlanes. 

In anti surface-ship applications the torpedo may 
be launched from a submarine, from another surface 
ship, or from an aircraft. In these applications the 
bearing of the target is quite accurately known at 
the time of launching, and the range from which the 
torpedo may be fired is coirsiderable. Since the opcir- 
ating range of these torpedoes is greater than their 
acomstie range, it i.s n(jcessary to u,se gyro control in 
the initial portion of the run. From the standpoint 
of effects of seF noise of the torpedo and the effec¬ 
tiveness of the countermeasures u.sed agairrst it, it is 
desirable to have liydrophone.s with quite sharp 
beam pattern.s. The effectiventiSs of th<! projector is 
also increa.sed if its beam pattern is shari)er. How¬ 
ever, making hydrophone beam i)atterns very sharp 


The other is to use a hydrophone with sliarp beam 
pattern, in both planes; but to control the gyro course 
.so that, instead of running straight, the torpedo o.s- 
cillates back and forth over the direction of firing so 
that its hydrophone can scan an angle of 60 to 80 
d,cgrees. Since the vertical level of a surface ship is 
fixed, anti surfacc-ship echo-ranging torpedo control 
systems an; often arranged only for azimuth control 
and they depend on a purely hydro.static control to 
detennine the rumung depth, Since the self noise of 
a torpedo is determined largely by propeller cavita¬ 
tion, there i.s some advantage in operating at a depth 
of approximately 50 ft for the initial portion of an 
attack, In order to do this it is necessary to include 
incan.s of acoustic control of depth in order to bring 
the torpedo up near enough to the surface to strike 
the target. 

An echo-ranging torpedo control .sy.stem is neces- 
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.sarily more compHcatod tlian ji listening acoiLstic 
system. In order to justify the us(^ of the more com¬ 
plicated system it must have sufficient advantage 
over the simple listening system. The echo-ranging 
device has the following advantages. 

The countermeasures which are required to pre¬ 
vent it from striking a target are ordinarily diffennit 
from those which are iised against listening torpedoes. 
A properly placed iioisemaker which simulates the 

r^AlC3/i rif t.\ 1 CJ ffl/M AVi f -Irk liTviif n-ppArtflTTrtA aoc> 
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of the listening device. Since it is possible to control 
(he nature of the transmitted pulses in an echo¬ 
ranging system it is possible to predetermine the 
kind of countermeasure which will bo necessary in 
order to limit its offectivenes.s. Variation of .such 
things a.s the freqmaicy of tin; acou.stu! signal, or th(^ 
length of the transmitted pulse can be us(!d to in¬ 
crease the difficulty in the u.se of eounterniea.sures. 
(hie of tile most effective means of countering an 
ordinary listening torpedo is for the target to slow 
down so that (ho noise generated by its propellers is 
much reduced. This procedure would be ineffective 
against an echo-ranging device. In the case of use as 
an antisubmarine device, coho-ranging torpedoes 
have been made to follow the wake of the submarine 
and make successful attacks from ranges even greater 
than possible acoustic ranges. Since the energy in the 
transinitted signal is concentrated at a single fre¬ 
quency, the frequency range of .sensitivity in the re¬ 
ceiver can be considerably les.s than that In the re¬ 
ceiver of a listening torpedo. This means that the 
performance of the echo-ranging system will be le.s.s 
limited by the self noise of the torpedo than i,s the 
case in the listening tlevices. It is not po.ssil)Ie to fire 
listening torpedoe.s in salvo,s because the later ones 
fired will tend to follow the earlier ones. By design¬ 
ing echo-ranging torpedoes so that more than one 
operating frequency is used, it is possible to fire suc¬ 
cessive echo-ranging torpedoes by using different 
toipedoe.s who,se systians operate on different fre¬ 
quencies. If the eeho-rangiiig system is so designed 
that it will not steer on noise, salvo firing can even 

liA ij.sM'd ivitli finlv rmp frf.nnpTi/iT/ />f AnprafiAn Tir/i- 
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viding the intei val.s of firing are gr(;at enough so that 
the aciisitivity of the receivers of the later torpedoes 
will not he reduced because of the noise generat(;d 
by the propellers of the first ones fired. A listening 
torpedo controls on the noise generated by the pro- 
I)ellers of the target. The tendency is, thiirefore, for 
the torpedo (,o strike at or near the propellers, which 
will crippki the target but not necessarily sink it. (3n 


the other hand, an echo-ranging torpedo teiid.s to 
strike further toward the bow of the target and it is 
even possible to control to some (extent the part of 
thcj target on which the torpedo will strik(;. 

The tise of an echo-ranging system also has some 
disadvantages. Perhaps the most important is the 
fact that its use gives it away. Very shortly after 
firing, the transmitter starts sending out acoustic 
pulses whi(!li can he receivcid by the sound gear on 

■frtT'rrci+ T'Vna yrtiilfiaa fligi m/NT/a o-PF/iAfiTrgi 
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timing of the, u.se of countermeasures, and when the 
torpi-sdo is fired from a submarine, it tends to give 
awmy the approximate bearing of the submarine at 
the time of firing. The greater complication in tlui 
control system n(!ces.sary in order to utilize the maxi¬ 
mum advantages of an eclio-ranging system makers 
the maintenance and service problems with the,sc 
torpedoe.s mor(^ difficult. The (^ffectivencjss of an echo¬ 
ranging control systcun also depends to a gnarter 
extent on external water conditions than is the case 
with a listening systkun. Since; it is nec(;ssar.y for the 
acoustic signal to travel two ways instead of one, the 
conditions in tiie W'ater unfavorable to the trans¬ 
mission of an acoustic signal will have a chance to 
operate on the echo-ranging signals twic'e. I/ayer,s 
causing refraction and reflection due to variations in 
salinity and temixa'aturc may som(;time.s cause con¬ 
siderable difficulty. Sometimes oven vnjrsses of sea- 
we(Kl or schools of fish wall behave ti.s fictitiou.s 
targets. In order to deterrnnK; whetluir an cicho- 
rangtng .system should be used rather than a simple 
li.steniiig system it is ne,c(!ssary to wxiigh these vari- 
o)is advantages and disadvantage.s. The most effec¬ 
tive arrangement is probably the use of both, with 
echo-ranging f orp(;doe.s to be used where the count(',r- 
ni(3asure problem is most important and listening 
torpedo(’,s to be used where it is (!,specially important 
to avoid detection, of the submarine by the enemy. 
An acoustic torpedo jkrovided with a switch on the 
outside of the body w'hich could .set it up eitlKsr as a 
listening or .an echo-ranging device, depending on the 
conditions o.xistingat the time of Ifiiinching, would be 


fiTi iHaqI ivfvrinfirj 

Ill order to operate an echo-ranging torpedo, it 
Is necessary to transmit pulses of signal at intervals, 
in order to provide periods in which the receiver can 
listen for the retunuiig echo. Since sound luis a ve¬ 
locity of about 5,000 fps in water, it is necessary to 
provide a listening interval of 1 sec for each 2,500 ft 
of range;. If the maximum jiossible range of the tor¬ 
pedo is increa.sed, the; interval between transmitted 
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pulsos niiist (30 increased iii proportion. For tins 
reason, the frequency with which information for 
acoustic control of the torpedo is received becomes 
less as the maximum range is increased. 

The most common steering system used in tor¬ 
pedoes is the on-off type in which the rudder is 
turned either hard to port or starboard. If such an 
on-off steering system is used in a torpedo under 
echo-ranging control, the amplitude through which 
the torpedo will oscillate in the course of an attae.k 
will increase with the maximum acoustic range of the 
torpedo. If the transducers used have narrow beam 
patterns in azimuth, there is danger of information 
being received when the axis of the torpedo m.ak&s 
a considerable angle, with the target bearing. It is 
necessary, for this reason, to consider very carefully 
the body dynamics of the torpedo and the sharpness 
of the beam pattern of the transducer in determining 
the maximum possible range which can be achieveii 
using an on-off type of steering control. As the maxi¬ 
mum ranges of echo-ranging torpedoes are iiicrensed, 
it will probably become more and more important 
to develop proportional type.s of steering control. 

Assuming that the acoustic- pulse which is trans¬ 
mitted into the- water by a given transmitter and 
projector represents a given amount of acou.stic 
powcr, the level of the echo returned by a target will 
be a function of the distance; from the torpedo to the 
reflecting target. For greater distances between tin; 
torpedo and the target, the le-vel of the echo will be 
less. Since the time of transit of the signal from the 
projector to the target and back to the hydrophone 
is a direct measure of the rang(! of the target, it is 
possible to use a time variation in sensitivity of the 
receiver to take; care of the variation in echo level 
with range. Another factor which makes this varia¬ 
tion of receiver sensitivity with range important is 
reverberation. When the pulse of acoustic energy is 
tran.smittc-d into the- water, a signal is received by 
the hydrophone because of th(! sound enc,rgy scat- 

f/ir/iH -f n/wri Fln/x m i ^ 11 rt* tT/>liTnr*<-v i%t*» ■<-<-»»» 

Lri;ic;u k/tiviv tilt.; >niii i uuu'aiiij^ wiumc: ui wtiud ^ 

This .sound is knowiT as volume reverberation. In 
addition to the volume reverberation, some sound is 
scattered from the surface of the water and also from 
the bottom of the ocean. These signals are known re¬ 
spectively as surface and bottom revt'-rberation. Their 
importance relative to the volume reverberation is 
determined by the nearness of the surfa(!e and thc 
bottom to the torpedo. In most caS(!S the surface- or 
botiOnl reVerbonitiOfi is tho iiiOSi iiiiportjiiit la-CtOf 
in the total reverberation level. The kwel of rever¬ 
beration decreases with time after transmission in 


much the same manner as the ec-ho level from a given 
target. Use of time variation of sensitivity of the re¬ 
ceiver can be used to prevent it effectively from caus¬ 
ing the torpedo to steer on bursts of reverberation. 
This time variation in gain of the receiver amplifier 
can be controlled by the same time base which is used 
to control the time of transmission. This type of gain 
control i.s usually designated as TVG. In operating 
torpedoas under various conditions, the ambient 
noise which may be encountered in the water will 
vary from one place to another. The level of the am¬ 
bient noise may be contributed to by noisc.-making 
countermeasures employed by the enemy. In order 
to protect tho receiving systcun against such noLse, 
the level of received signal may be used as a means of 
controlling the receiver sensitivity. In order to pre¬ 
vent the receiver sensitivity from being controlled 
by the level of the echoes, a large enough time con¬ 
stant must be used in the control network so that it 
will not respond during the interval of an echo. This 
type of control of rec-eiver sensitivity is known as 
automatic volume control [AVC]. Most echo-ranging 
recfeiver .systems employ both AVC and TVG, al¬ 
though, the manner in which they are actually em¬ 
ployed varies considerably from one system to an¬ 
other. The time constant which is employed in the 
AVC loop will vary with the length of the trans¬ 
mitted pulse which is used. 

An ordinary listening torpedo responds to the 
noi.se emitted by the propellers on the target, unless 
sonic sort of noise-making countermeasure is being 
used. An echo-ranging torpedo responds to the echo 
which i.s returned by the target; but, when the target 
is moving rapidly through the water, a wake is gen¬ 
erated, consisting of large numbers of air bubbk-.s 
which extends for a considerable distance aft of the 
target. The wake is an effective reflector, and the; 
problem of dewising a systeun wliiedi is capable; of 
distinguishing betwexm the wake and the true target 
is a difficult one. 
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ing control sy.stem is the fae;t that one; can ine:r6a,se 
the power eif the transmitter to quite large vahies, 
and in this way control the; level of echo returne;d by 
a given target at a given range. If the power of the 
transmitter is increased, the; veiltage require;d in tho 
transmitter pe)wer supply is also increased. The; dc- 
ve)le)pment of suitable power .sujeplies for use in the; 
cemfined spaces of a torpe;de) jeresents some pre)b- 


“ So.c references 1-8 .and 41 for additional mate.rial on topieis 
in this eehapter. 





Chapter 16 

MAJOR COMPONENTS 


T he following major components are used in all 
echo-ranging torpedo control systems. 

16.1 TIME BASE 

It is necessary in all echo-ranging systems to use 
a time base to determine, the time interval between 
transmitted pulses and the length of the transmit ted 
pulses. In addition, it i.s also necessary to make the 
receiver inoperative during the interval of transmis¬ 
sion and, in cases where time-vaned gain [TVG] is 
employed, to control the time of application of the 
TVG control voltage. The simplest form of time liase 
is a system of cam-operated switches to control the 
various events. The cams may hi; operated by a shn- 
plc, motor drive or they may be oiieratod directly by 
the torjKido propulsion motor. In .some .sy.stejn.s a 
purely clectronii' timing .system is u.sod, employing 
combinations of multivibrator circuits and relays. 
A system using an electronic time base has the ad¬ 
vantage that the elements of the time ba.se can bo 
mounted directly on the chassis containing the rest 
of the electronic gear, whe.rea.s the systems using cam- 
operated switche.s have the advantage of simplicity 
and greater reliability. 

16.2 SIGNAL GENERATOR 

The simplest type of signal generator which luis 
b(!en employed i.s the one u.sed in the German Geier 
system, which comsists of a conden.sor charged to a 
high potential and then discharged by means of a 
cam-oi)erated switch through the tuned circuit of the 
transducer. The type of .signal generator more com¬ 
monly used employs either a power o.scillator, which 
can be keyed bj^ mean.s of the time base, or an oscilla¬ 
tor driving a power ami)lifier arranged so that both 
the oscillator and power amplifier are keyed by the 
time ba.se. Since the signal generator i.s operatbig only 
a .small fraction of the total elap.sed time, the amoniit 
of power which can bo generated during the actual 
transmitted pul.se can greatly (-.xceed tin; i-atirigs of 
the components for continiiou.s duty. The amount 
which these ratings can exceed the nomial coiitinu- 
ons duty ratings depends upon the length of pulse 
employed; for example, in the Ordnance llesirarch 


Laboratory [ORIv^ project 4 system the transmitter 
is capable of generating about 1..5 kw of elcictric 
power to be transmitt(;d in 30-msec pul.ses, at 1.5-sec 
hitciwals. The power amplifier uses two 829B tubes 
with a plate voltage of 1,500 v. The Bell Telephone 
Laboratorie.s [BTL3 1570 system gencrate.s 1.5 kw 
of electric power in 3-insec pulses with one pulse per 
.second, using a single 829B tube with a plate voltage 
of 3,000 V, It is impo.s.S'ible to u.se a pkte voltage 
higlna' than 1,500 v with pul.ses as long a.s 30 msec 
with th6 829B tubc^, ]>eoaus6 tho tendency for tube 
breakdown with excessive plate voltage is a function 
of tin; length of pulse. The power limitation in both 
of tho.se systems is determined by the value of iilate 
supply voltage at ivhi(>h breakdown begins to occur in 
the tubes rather than by the pow(;r-handliiig capabil- 
itic.s of the electrodes. 

I6.,t TRANSDUCER 

An important function in an echo-ranging system 
is the conversion of the el(;ctric power generated in 
the .signal generator into acoustic power in the water 
during transmission, and then the conversion of the 
acoustit* power in the returned echo into an electric 
signiil which can be applied to the receiver. To do 
tills, a, .single transducer may be u.sod or separate 
units may be used as projectors and hydrophone.s. 

When the same transduc(;r is used for both pro¬ 
jector aud hydrophone, it i.s nece.s.s<<iry to provide 
some means of protecting the re(;eiv(;r during trans¬ 
mission, This may be done by use of a switching sys¬ 
tem, combination,s of varistors, or by .special de.sign 
of the coupling circuits to prevent excessive voltages 
being applied to the receiver. 

16.4 RECEIVER 

The function of the receiver is to take the electric 
signal gen(;rated in the receiving hydrophone, amplify 
the signal, and use the information c.ontained in the 
signal for the purpose of control of the torpedo. In all 
cases, the level of tin; receiver signal may vary from 
quite low values to quite high values depending on 
the range of the target. It is e.ssential that tho re- 
e(;iver be capable of handling the expected range of 
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signal lovol. This is usually provided for by the use 
of TVG and AVC. The receiver may be used to com¬ 


pare lev(:ls of signal on two sepaiato hydrophones or 
the target bearing may be determined by the jiliase 
relation between thi', (deetrie signals generated in the 
two halves of the receiving hydrophone. In the sim¬ 
plest case, the receiver may be made sunilar to those 
used ill listening-type control systems; however, in 
order to best utilize the advantages of an echo-rang¬ 
ing system, the receivers usually contain means of 
processing the signal so that real echoes can be dis- 
tingviished from other noises w'hich may be present 
in the water. Since the transmitted pulse is a pure- 
tone signal, the range of frequency of signal to which 
the receiver must be sensitive is normally less than 
in the case of listening-type devices, It is, however, 
necessary to have suffic.ient range of frequency re¬ 
sponse to take care of the maximum amount of dop- 
pler shift in frequency which may be present in an 
echo. Ill some cases, the receiver contains two sep¬ 
arate systems, one, a steering receiver, which inter- 
pret.? the .signal to determine the direction of control 
necessary for the torpedo, the other, an enabling re¬ 


ceiver, which determines, on the basis of the charac- 
teri.stica of the received signal, whether the steering 
receiver should pass its inforraation on to the control 
system. 


16.5 RFJAY CONTROL SYSTEM 

In order that the inforraation -which comes to the 
receiver Iw used for actual steering of a torpedo, it 
is necessary for this information to be pas.sed on to 
the engines which control turning of the rudders. 
This is done by some sort of relay control systeni. In 
some, cases only ridatively rugged relay.s are used and 
sufficient amplification is u.sed in order to operate 
thc.se relays directly. In other systems, delicate relay.s 
arc usid to operate the rugged control relays and cor¬ 
respondingly less amplili(!ation i.s used in the elec¬ 
tronic gear. In addition to the relays -which are used 
for actual steering control, relays are also used to de¬ 
termine when the .steering sy.stem should be locked off 
the normal gyro control; and in some ca.ses wln^re a 
special enabling receiver is irsed, the enabling of the 
stexiring receiver may be done by means of a reday. 




Chapter 17 

NATURE OF THE CONTROL PROBLEM 


E cho-hanging torpedoes can bo divided into 
two main classes: Those used in antisubmarine 
service and those used in anti surface-ship service. 
The torpedo used in the antisubmarine service is nor¬ 
mally smaller than that used in anti suiface-.ship serv¬ 
ice, because the amount of explosive which is neces¬ 
sary to disable a submarine is less than that necessary 
to disable a surface ship. Most of tlie antisubmarine 
torpedoes are launched from aircraft and the use of 
a torpedo of about 7-ft length makes possible the use 
of standard bombing planes for launching. 

The attacks made against submarines using acous¬ 
tic torpedoes are u.sually made when the submarme 
is subni('.rged. When the torpedo is launched from an 
aircraft, the location of the submarine is actually un¬ 
known both in depth and in po.«itioii. It is therefore 
necessary, as was stated in Chapter 1.5, to have a tor¬ 
pedo which is capable of searching both in the azi¬ 
muth and vertical planes. It is also neceKS!iry to Imve 
a torpedo which can operate at sufReieiit depth to 
attack a submarine at any feasible operating depth 
for the .submarine. 


When the torpedo is launched from an aircraft, it 
is normally launched at the pomt at which the sub¬ 
marine wa.s .seen to submerge. The torpedo is then 
expected to search until it makes acou.slic contact 
with the submarine and then home on the submarine. 
If the torpedo i.s launched from a surface ship, the 
Hubmarinc will nonually be located by means of the 
sound gear on board the ship so that the approxiiuaie 
bearing and range of the submarine are known at the 
time of launching. Wdien the torpedo is launched 
from a surface sliij), it i.s neC('ssary that some means 
be prOv'idi'd jii till' torjicrh) to prevent it from homing 
on the launching shi{). This Is usually accoiiipll.shed 
by means of a .suitable C('ilhig switch and a mean.s of 
providing for a certain .search interval before acoustic 
homing can begm. 

The method of azimuth search which is used in all 


echo-ranging antisubmarine torp('docs is to liavc the 
torpedo circle until it makes acou.stic contact with 
the submarme. The depth behavior durmg s’carch 
varies m thc! different systems. Some are arranged so 


operating depth ivhere it circles undei- hydrostatic 
control, 'whereas in others the torpedo dives slowly 
so that its searcii is a gradually (ie.scondiug helix. 
This dive may continue until acoustic eoiitact is 
made or until the torpedo reaches bottom, or it may 
be interriiiited at some predetermined depth and the 
torpeilo kwel off. 

In the actual acoustic control of an antisubmarine 
torpedo, it is necessary to control the device acous¬ 
tically both in depth and azimuth. Thc method of 
acoustic control in the two planes may he the same. 
This is true in the system developed by the Harvard 
Undei’W’ater Sound Laboratory [HUSL] where the 
azunuth steering information i.s obtained by compari¬ 
son of the electrical phase relation between the signal 
genemted in th(! right, and left halves of the trans¬ 
ducer, and the vertical steering information is ob¬ 
tained by ('oinparing the electrical phase relation be- 
t'ween the .signals generated in the top and bottom 
halves of the transducer. Somewhat the same pro¬ 
cedure is used in a version of the British “Dealer” 
device, except that a .switch is used in the time base 
which alternates the .sy.stem from vertical informa¬ 
tion to azimuth iufoimation. In this way a single 
two-channel amplifier is used which alternately op¬ 
erates for azimuth and depth. The conti'ol for both 
azimuth and depth is accomplished by comparison 
of the phase of the electric signal generated in the 
two halves of tire transducer. In the system which 
wa.s developed by the General Llectric Company, the 
method of seeurmg acoustie-.steering information in 
the two planes is different. In their system, compari¬ 
son of th(> electrical phase rt'lation between the top 
B/Ud jMtlvss of tli 0 tTtiiisciiH'ur iiS lust'd for vor™ 

tieal steering control but the azunuth steering control 
is fill oii-off control. WIk'II cchoe.s are received, the 
azinnith rudders are turned hard to .starboard, 
whereas when no eelioi'S are received, the rudders 


turn hard to port. By use of this arrangement, a 
singh' two-channel amplifier can be used for com¬ 
parison of the pha.se of the signals for vertical control 
and the azimuth control is determined simpty by 


whether the amplifii'r is ree 
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that the torpedo dives fairly rapidly to some fixed In anti surfaec-ship service the torpedo may be 
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launche<i by aircraft, surface shii)s, or submarines. 
The problem of launching an acoustically (!ontrolled 
torpedo from a surface ship re(piires a definite pre¬ 
caution to prevent the torpedo from homing on the 
launching ,ship. In the; anti surfac('-.ship service the 
bearing and range of the targ(d. arc fairly acicurately 
known, and the range at which the torpedo is 
launched is normally quite large. All of the devices 
used in this .service operate initially under gyro con¬ 
trol. Provision is made for the tori)edo, operating 
under gyro control, to get within acoustic range of 
the targ(;t and when acoustic signals are received, the 
acoustic control takes ov(!r. In the systoin developed 
hy the Bell Telephone Laboratories [BTL3, the 
acoustic, control ay.stem acts by correcting the gyro 
sotting so that the torpedo remains under gyro con¬ 
trol during the whole period of an acoustic attack, 
th(i gyro setting being corrected on (uich received 
echo. The transducer used in this syslmii has a fairly 
wide heam patt(.'rn in the azimuth plane so that it 
is able to rcH'eivo ('choes fronr any target within an 
angle of ± 30 degrees of the; torpedo axis. The coitcc- 
tioii on the gyro setting is made by comparing the 
electricial phase relation between the signals gener- 
aUid in th(i two halves of the transducer when the 
echo(!s are rcjceived. lii the German Oier system two 
sets of transducers are used which point respectively 
about 40 degrees to port and starboard of tlie torpedo 
axis. The systenr (lo(!,s not roeeir'C echoes from a point 
directly alu^ad of the torpedo and the torjredo re¬ 
mains on a .straight gyro course until echoes from a 
targe! suffici(;ntly off the axis to port or starboard 
are received. When an echo is received on either hy¬ 
drophone, th(! steering .system i-s locked off gyro con¬ 
trol and the rudder Is put hard to the side from which 
the ech(j is received. This condition is held until no 
further echoes are received, when the torpedo drops 
back on gyro control again. With thi.s arrangement, 
if the original firing of the torpedo i.s .sufficiently ac¬ 
curate to make a hit without acoustic control, the 
acou.stic control sy.stem will not function. It .simply 
functions to correct inaccurtnhes in the original gyro 
setting. 

In the Ordnance R,e.seareh T.aboratory [(.)RL3 
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transducer is used with it.s axis on the axis of the tor¬ 
pedo. In order to locate; a target off the gyro course, 
the gyro is equipped with a special cam plate wliich 
cau.ses the gyro course to be “snaky.” The snaky 
course i.s such that the; transelue.'er is able to .se;areh 
ove;r an angle of about + 40 degrees. The eise of the 


snaky course reeluce'.s the forward rate of progress of 
the torpedo by about 5 per cent but it pe;nnits the 
use of a single; transdueier with a ve;ry sharp beam 
pattern, thus re;ducing the .se;lf-noise; problem to a 
minimum. 

In anti surfacei-ship seawice, it is not neci'issary to 
have acoustie' e'ontre;! for the torpedo in both depth 
and azimuth. Most erf the; systems u.se only azimuth 
eontrerl, ope-rating the toi'iredo at a running depth 
under hydrostatic cerntrol such that the torpe;do will 
str-iko the target. Although the use; erf a vortrcal steer¬ 
ing cerirtrol makes the; ae'oustie; .system rirore cornpli- 
e;ated, there is an advantage in ope;rating the tor pedo 
durirrg the initial perrtion erf the attack at a depth of 
approximately 50 ft, because; prope;l]er cavitatiern 
noise is re'dirceel, Thi.s i.s e'specially imperrtarrt in the; 
higher-spe;e;d torpe;deres. It i.s cfiriceivable that the 
vertie;al corrtrol might be accornpli.shcd by the u.se of 
two hydrostatic-e'ontrolled running depths, one u.se;d 
during .search at the bfjg'inning erf the; aeioustie' attack 
and the erther ter be assumed after the attae-k has 
prergre.s.sed for a certain length of time. However, 
this arrangement irresents real difficulties, anel the 
use of the acou,strcal infownation to corrtrol both the; 
depth arid azimuth steerirrg seems to be; the raerst de- 
■sirable. The eeho-ranging torpedo presorrts one; elefi- 
nrtc aeivaiitage over the pa.s,sive acenrstic torpe;deres 
in the operation of the depth-.stee;iing control, iir that 
the e;cho-i‘atrging system is itself a range;-measuring 
eievice. One can introduce a range-nreasuririg elenrent 
in the time base which will jrermit depth steering 
ernly after the range has been reeluce;el to a esertain 
predeterrrrined value. 

In order to prevent the torpedo from oscillating 
through an exce;ssive angle in the; vertical jrortiern of 
its attack, the vertical contre)! shoulei be irrtrodueed 
by the application erf a correctiorr on the normal 
hydrerstatic control system. The simplest means of 
doing this is by applieiatioii erf a mechanical bias to 
the peaidulum useei in the hydrostatic control. 

The nerrmal terrpedo .steerirrg e;onire)l in the azi¬ 
muth jrlane i.s one in which the rudder is thrown 
cither hard to port or hard to starboard. A torpedo 
which is uneier gyro control normally requires the 

A’lirlrloT’ -krx -kJ-irriiii/ri xxrkiciii •fl'ici triutidr-lrk ic; u 
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of a degree off-course;, re.sultirrg in a nearly straight 
trajocterry for the torpedo. Urrder echer-rarrging acous¬ 
tic control, the angle; off-course requireel to proeluce 
a rudder throw i.s gre;ater than that iiece.ssary uneier 
gyro control and, in addition, an echo-ranging con¬ 
trol system rece;ives information intermittently. The 
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tiiiio interval between su(!oessive echoes is a fimctioii 
of the acoustic range of the torpedo and may be con¬ 
siderably greater than 1 sec for long ranges. In the 
design of an echo-ranging systtan, it is necessary to 
take into acajount the acoustic range which i.s to be 
used and, therefore, the interval hot.ween transmitted 
jmlses as well as the dynamic behavior of the torpetio 
body. The w'ay these factors affect the reliability of 
the system will depend also on the .sharpne.ss of the 
b('am pattern of the transducer and the actual medhod 
of acoustic control. 

In the (tenoral hilectric N0181 and in the German 
Goier devices, the azimuth steering Is “on-off.” Al¬ 
though there is actually considerablo difTerence he- 
tweeu these two arraiigemeubs, essentially the drs- 
viecs steer one way whem echo(;s are not received and 
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TIME ELAPSED FROM MOMENT OF RWOCR OPERATION IN SECONDS 

Figche 1. Orientation of body as a hinction of time 
following beginning of mdder throw. 

the other way when echoes are received. It is neces- 
.s<ary, with this arrangement, that the rate of turn of 
the torpedo be such that it is impossible for it to 
turn completely across the beam between echoe.s. 
For a given rate of turn of the torpedo body, the 
width of beam pattern required wall be a function of 
the luaximum acoustic range of the torptalo. 

In .systems like the HUSL N0181 and the BTL 
157C, the steering i.s controlled by the electrical 
phase relation between the signals generated in the 
two halves of the receiving transducer. This means 
that it is ueees.sary for an echo to be received in order 
to steer the torpedo in either direction. The trans¬ 
ducer used in the BTL system has a very wide beam 
pattern in azimuth because the torpedo .searches oil a 
straight gyro course and utilizes the width of the 
beam pattern as its means of making initial acoustic 


contact with the; target. As soon as acoustic contact 
is made, the signal i.s us(;d to correct the gyro setting. 
The dynamics of this body will therefore introduce 
110 problem in maintaining acoustic contact with the 
target once acou.stic; contacjt is made. In the FIUSL 
N(/lol system, however, a trauisducer with v'ery 
.shiirp beam pattern is used. The initial search in this 
device is circling and, as .soon as aeoirstic contact is 
made, the rudders arc held in either the port or star¬ 
board position dejamding on the phase relation of the 
signal generated in the transducer by the; last re¬ 
ceived etiho, I’lie dynamics of the torpedo body are 
quite Important in this device. The ping interval 
used is 0,66 .sec, the rate of turn of the body is 12 de¬ 
grees per sec, and an interval of 1 sec is required for 
the rudders to turn from one extreme limit to the 
other because the steering is done by means of an 
elei'tric motor. Tlie effect of the dynamics of this 
body on the relative .sensitivity of the acoustic .sys¬ 
tem can be; determined by con.sidering the solution 
of equation (1) 


cP6 do 
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This is the etpiation of motion of such a body under 
the influence of the torque introduced by the rudder. 
Q is the moment inertia of the body, R is the angular 


Tablje 1 


Echo no. 

Anglo 

(degrees) 

Rel. sig. 
130 yd 
(db) 

Rel, sig. 
260 yd 
(db) 

Rel. 8ig. 

520 yd 
(db) 

1 

- S.8 

- 9.1» 

- 7.5* 

- 5.6* 

2 

-15.1 

-30,9 

-29.3 

-2.3.3 

3 

-14.3 

-34,0 

-35.0 

-33.7 

4 

- 8.8 

-1.3..5 

-1,5.9 

-21.6 

5 

- 1.5 

- 1.0 

- 2.2 

- 6.6 

6 

-1- 6.3 

- 4.6* 

- 3,5* 

- 3.2* 

7 

•f 12.6 

-23.0 

-19,3 

-15.0 

8 

+11.8 

—22.4 

—23.4 

— 22.2 

9 

+ 6.3 

- 7.6 

- 9.4 

-13.5 

10 

- 0.9 

0.0 

- 0.5 

- 3.1 


* must take place. 


tlamping re.sistance, L{t) is the rudder torque a.s a 
function of time and 6 is the spacial orientation of 
the body axis. Q/R is called the relaxation time of 
the body, wliich is the time, measured from the time 
of rudder throw, necessary for the body to come back 
to the same spacial orientation which it had at the 
time of rudder throw. L/R is the rate of turn of the 
laxly measuretl in degrees per second. Tlie IIUSL 
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N0181 body had a value of relaxation time of O.o 
sec and the rate of turn was 12 degrees per sec. 


Tajii.e 2 


FiClxo no. 

Angle 

(degrees) 

Rel. sifi. 
130 yd 
(db) 

Bel. sig. 
200 yd 
(db) 

Tlel. sig. 

520 yd 
(db) 

1 

-3.0 

- 1.0* 

- 1.0* 

- 2.0* 

2 

-9.9 

-13-8 

-11.2 

- 8.3 

3 

-9.1 

-13.4 

-14.1 

- 13.3 

4 

-3.0 

- 3.0 

- 4.3 

- 7.0 

5 

+3.6 

- 1.0* 

- 1.0 

- 2.0 

6 

+9.9 

-13.8 

-11.2 

- 8.3 

7 

+9.1 

-13.4 

-14.1 

-13.3 

8 

+3.6 

- 3.0 

- 4.3 

- 7.0 


Steering must take place. 


The curve in Figure 1 shows the orientation of the 
body as a function of time following the beginning of 
the rudder throw. The data below show the relative 
level of the received signal at 130 yd, 260 yd, and 520 
yd for the most favorable and the most unfavorable 


phase rcihition betwexm body orientation and trans¬ 
mission of the pulses. Table 1 is for the most un- 
farorablc condition and Table 2 is for the most fa¬ 
vorable condition. 

It is obvious that in order to receive every echo, 
the eeho-to-revmrbcration ratio would have to be ex¬ 
tremely high. Actually it is not iiece.ssary to receive 
every echo since the steciring system holds in the 
position of the; last steering indication. It is therefore 
necessary to have only about 11 db echo-to-rever- 
beration ratio to steer in the wor.st case considered in 
Table 1 and 8 db ratio to steer in the worst ease in 
Table 2. 

When the steering in the vertical plane, is accom¬ 
plished by the same type of hunt as is used in the 
azimuth plane, the condition for combined steering 
in both planes can be considerably worse than that 
for one plane. The use of glide-angle control in the 
vertical plane, makes the effect of the dynainic.s of 
tlie body on acoustic performance much less serious. 
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18.1 INTRODUCTION 

I N 1942 a research group of the General Electric 
Company started develo])ment of an echo-ranging 
control syst(;m to be used in an antisubmarine tor¬ 
pedo. The system vv^a.s de.signcd as a convei’sion sys¬ 
tem for a torpedo which was already in use as an 
anti.submarine li,sterling torpedo. In Augu.st 1944, 
their experimental units were test<‘d and the device 
was accepted by the Navy for production. The pro¬ 
duction engineering was undertaken by the Leeds 
and Northrup Company, and their first preproduc- 
tion units were tested during the summer of 1945. 


no provision for automatic volume control [AVC]. 
The device is protected against steering on noise 
peaks by the use of an amplitude gate with a time 
constant which requires a substantial jiart of the 
30-msec piil.se to enable. The pulse interval of 0.7 
sec makes the maximum theoretical range about 560 
yd, but performance testa on the preproduetion 
models have all been made at 330 yd. The device is 
intended to be dropped from an aircraft at the point 
where a submarine has subiuerged. It searches in a 
circle with the depth gradually increasing until acous¬ 
tic contact is made. It then homos on the target. 



Eiguro 1 show.s a block diagram of the system. It 
consists of a transmitter capable of generating about 
100 watts of electric power to be transmitted in 30- 
msec pulses at 0.7-.se(f intervals. A single traii.sducer 
is used as both projector and hydrofihone. The re¬ 
ceiver coiitain.s two types of steeiing-control s 3 ^tem,s, 
one for the azimuth contiol and the other for depth 
control. The operating friiquency is 60 kc. The re- 
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The transducer used in this device wa.s developed 
at the Harvard Underwater Sound Laboratory 
[IHJSL] and consists of an array of magnetostrictive 
elements. Figure 2 shows the general construction of 
the trail,sdueer and the individual oleraent.s, while 
Figure 3 shows the arrangement of the elements in 


c^eiver i.s under time-varied gain [TVG] control with the array. "Idle numbers indicated on each element 
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Figure 2. Details of transducer construction. 
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Figure 3. Array of elements in the transducer. 

ill this figure indicMte the relative iiumlier of turns 
in the winding.?. The variation in the windings on the 


unit.? is for the purpo.se of controlling the pattern of 
the transducer. Figure 4 .shows the frequency re- 
.sponsc curv'e of one of the transducers produced by 
the Leeds and Xorthrup Company, Figure 5 shows 
the horizontal pattern, and Figure 6 .shows the ver¬ 
tical pattern. The following are the numericail char¬ 
acteristics of a representative tran.sduci'r: In the 
vertical plane, the pattern is 10 db clown at 10 de¬ 
grees off the axis on either side, while in the horizon¬ 
tal plane the pattern is 7 di) down at 10 degrees off 



30 40 60 60 70 80 90 100 110 IZO 130 

KILOCYCLES PER SECOND 

Figure 4. Tranduccr fL'cqucricy response. 


the axis and the ovia'all directivity index is — 22.5 
(lb. In th(; process of adapting the transducer to pro¬ 
duction, the impedance per unit wa.s changed some¬ 
what so that the impedance per half .section comes 
out 90 + jl30 olims. The rcreciving sensitivity is 82 
db below 1 v per dyne per sq cm and, during trans¬ 
mission, 66 db above 1 v per dyne per sq cm i,s de¬ 
veloped at a range of 1 meter. The effieieney in trans¬ 
mission is about .35 per cent and, it i.s believed by the 
Leeds and Northnip people that the latest units 
which tliey hav(! produced are sonuswliat bettor than 
this. 
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18.3 TIME BASE 

llie time bases of the General Electric system is a 
simple cam-operated set of switches. The cams which 

330* 0 30* 



270 


210 ISO ISO 

Figuke 6. Transducer horizontal directivity pattern. 


means of a switch which is operated by one of the 
cams, A second switch is used to blank the receiver 
during the time of tran.smission by applying — 26 v 
330* 0* 30* 


60* 


90* 


120 * 

210* 190* 150* 

Figure 6. Transducer vertical directivity pattern. 




operate the switches are on a shaft wliich is driven 
by the main motor shaft. The transmitter is operated 
he plate supply of the signal generator by 


uy Jvcying 


directly to the screens of the tubes in the receiver. 
Three other cam-operated switches are used to con¬ 
trol the range of the torpedo. The first is a single- 
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Figure S. Tjag line and T\'G balance control. 





TO DIVE 
BLANK 


Figure 9. R-F .amplifier and rectifier. 


pole double-throw switch which is c.losed in one posi¬ 
tion during the time that echoes can be received from 
ranges les.s than 500 ft. It is closed in thi; other posi¬ 
tion during the time that echoes can be received from 
ranges greater than 500 ft. This is u.sed to limit the 
range to 500 ft after echoes have once been receiviKl 
within this range. The second is closed by a cam dur- 

iiig uiie tii»t euiiuea Uttii ue rtTLUivfu iium TdiigOS 

between 1,000 and 2,000 ft, and the third is clostKi 


during the time that echoes can be recieived from 
ranges lietween 1,500 and 2,000 ft. By means of these 
last two switches, it is pos.sible to decrease the range 
of the torpedo to 1,000 ft, if the body is tilted so that 
it points toward the Ixrttom at an angle greater than 
9 degrees and to 1,500 ft, if the body is tilted so that 
it points toward the Iwttom at an angle greater than 
6 degrees. 
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10.4 TKANSMITTER 

Tlie schematic of the transmitter is shown in Fig¬ 
ure 7. It consists of two 6L6 tubes used as power 
amplifiers with th('ir grids driven in parallel by a 
single 60-ko oscillator. The output of one of the 
power amplifiers is supplied to the top half of the 
transducer while the output of the other power am¬ 
plifier is supplied to the bottom half of the traii.s- 
ducer. The amplifiers are so connected to the trans¬ 
ducer windings that the acoustic signal emitted from 
the whole face of the transducer is in phase. The 


at the two grids G1 and G2 will bo in phase;. If the 
acoustic signal com(;s from a point above; or below 
the axis of the torpedo, the phase of the signals on 
the two halves of the transelucer wdll be different anel 
therefore the signal at (U wall no longer be in phase 
with the .signal at G2. Because of the presence of the 
kg line in the plate circuits of V104, the relative 
values of the voltages at A and B will depend on the 
ph-ase r(;lation of the .signals at G1 and G2. The sig- 
iiaLs at A and B are applied to the grids of the tub(;s 
VT05 and V106. These are the first stages of the; two- 



tran.smitter is keyed by means of a switch, operated 
by the time base, which keys the plate and screen 
supply of the pow’er amplifiers. A sample of the 60-kc 
signal g(;nerated on the screens of the power ampli¬ 
fier is rectified by means of the TVG diode and stored 
on a condenser to serve as the gain control bia.s dur¬ 
ing the li.steiiing interval. 


18..'5 


RECEIVER 


o o ic’+ir* 0-1 <rTi 1 10 TCki^cinriik/i Vv-i*- 

> > I iT~i I c4il tiLOLiotic j.o v i.Uiii'iiO 

ducer the voltages develop(;d on the two halves are 
impressed on the grids G1 and G2 of V^lOl, Figures 
7 and 8. If the aeoustic signal arrives on the trans¬ 
ducer face from a point d(;ad ahead, the voltages de- 
V(;loped in the windings of the two halves of the 
transducer will be in phase and therefore the voltages 


channel amplifi(;r lor the receiver. The double poten¬ 
tiometer is used to balance the inputs to the two 
channels and adjust the relative vahnjs of TVG vol¬ 
tage; on the grids of V105 and VT06. Figure 8 shows 
the; details of the circuit freim the grids G1 anel G2 
to the; input of the two-channel aiiiplifie;r. 

Alter transmission of a pulse by the; system, a con¬ 
tinuous signal will be receiveei by the; transdue-er be¬ 
cause of reverberation in the w-ater. The level of this 
signal decays quite rapidly with time;. The time rc- 
ejuired for an echo to be i'ee‘eive;d afte:r transmission 
is dirwtly proportional to the range of the targe;t; 
therefore;, the level of the echo e-aii ho e;xp(;cteel to de¬ 
crease as the lime interval between transmission and 
reeeptie)!! incre:ase.s. A TVG .system is iLSed in order 
to e-ejnti-ol the sensitivity e)f the rooe;ivcr so that it 
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will not respond to the reverberation but will increase 
in sensitivity with time following transmission, so 
that weak signals from long ranges can be used for 
control. This variable gain is obtained by means of a 
variable bias applied to the grids of V105 and V106. 
The bias is obtained by rectifying a portion of the 
signal appearing on the screen of one of the trans¬ 
mitter power-amplifier tubes by means of the TVG 
diode, Figure 7, and charging the TVG condenser. 
Figure 8, with the output of this diode. Immediately 
after transmission stops, the condenser starts to dis¬ 
charge through the 0.24-megohm resistor to ground 
thus producing the time variation in bias. No AVC 
is used in this device. 



The two-channel amplifier consists of two stages 
of tuned amplifier for each channel with a system of 
balancing potentiometers betw'een the two stages to 
be used to equalize the gain in the tw'o channels. The 
output of each channel goes to a diode rectifier. These 
rectifiers are so connected to a bridge that an echo 
pulse is obtained at one point on the bridge network 
whenever an echo is received by the transducer. The 
difference in polarity between two other points on 
the bridge indicates whether the echo came from 
above or below the axis of the transducer. The two- 
channel amplifier is shown in Figure 9 and the com¬ 
parison bridge is shown in Figure 10. 


18.6 COMPARISON BRIDGE 

There are two conditions to be considered in the 
comparison bridge showm in Figure 10. Condition 1, 
when the target is in the same horizontal plane as 
the axis of the torpedo. In this case, the voltages 
El and E 2 will be equal and 

Er = El — E2, 


and 


El = 


El — E2 


Condition 2, when the target is not in the same hori¬ 
zontal plane as the axis of the torpedo. In this case, 

El E2 

Er = — ::- > 


and 


S’_S!. 


El = 
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Figure 12. Schematic of depth-steering conditions. 


Since the input voltages A and B of Figure 2 are not 
the same for condition 2, the values of Ei and E 2 
w’ill be different. Er wdll abvays be negative regard¬ 
less of the orientation of the target relative to the 
axis of the torpedo. El wdll be positive when the 
target is on one side of the torpedo axis and negative 
w’hen it is on the other side. 


2 
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18.7 CONTROL SYSTEM 

This control system utilizes t\\’o independent steer¬ 
ing systems, one for azimuth control and the other 
for depth control. In the search condition the azi¬ 
muth control system maintains the rudders in the 
port position so that the torpedo searches in a 
port circle. When an echo is received, the voltage En 
developed in the comparison bridge causes the echo 
trip-relay to open, which in turn causes the rudders 
to swing to starboard. The torpedo then goes into a 
starboard circle. The holding time of this circuit is 


condition, and third, the pursuit condition. The ele¬ 
vators are controlled during all three of these condi¬ 
tions by means of a set of contacts operated by a 
pendulum. The frame in which the pendulum con¬ 
tacts are mounted can be rotated by means of a small 
motor and the various steering conditions are con¬ 
trolled by the positioning of this frame. Figure 11 
shows the relationship of the pendulum frame, the 
pendulum, the steering motor, and the elevators, 
whereas Figure 12 shows the electric circuit setups 
for the three steering conditions. During the initial 
dive the steering is controlled by the ceiling switch 



Figure 13. Schematic of depth control. 


such that the rudders will be held from one echo to 
the next and will continue to hold for about 1 sec 
after the last echo of a sequence has been received. 
At the end of this holding time the rudders tvill again 
drop bach to the port position. This constitutes an 
on-off steering system for the azimuth control, and 
the torpedo will continue to steer on and off the 
beam of the transducer in the azimuth plane during 
the entire course of an attack. 

The vertical steering system is considerably more 
complicated. In dealing with this system there are 
three steering conditions to be considered. First, the 
condition during the initial dive, second, the search 


which operates at a depth of 50 ft, and by the dive 
angle limit switch which limits the dive angle to 15 
degrees. The ceiling switch opens at 50-ft depth and 
throws the control over to the search angle switch 
W hlCh causes the torpedo to dive at a fixed angle of 
3 degrees until a depth of 225 ft is attained, when the 
search angle is changed to 2 degrees. If an echo is re¬ 
ceived from a target the pursuit relay is opened and 
the pursuit condition is set up. Under this condition 
the positioning of the pendulum frame is controlled 
by the SLC relay. A schematic of all of these controls 
is shown in Figure 13. Figure 14 shows schematically 
the functioning of the various relays in an attack. 
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18.8 BLANKING CIRCUITS 

The following blanking circuits are used to protect 
the device against steering on false information. 

1. The 125-ft blank. This prevents echoes from 
less than 125 ft range from controlling the torpedo. 


duction is permanent unless the torpedo misses the 
target, in which case the range returns to normal. 

3. The 6- and 9-degree blanks. These arc range- 
reduction circuits designed to avoid bottom reflec¬ 
tions. WTien the pitch of the torpedo reaches 6 de¬ 
grees down, the range is reduced to 1,500 ft. Also 


PINS NO. I 2 3 4 5 6 7 8 9 10 II 12 


PINGS AND 

ECHOES 

Up 

1 

Up 1 
1 



Up 


! 




Up 

I 




Down 

1 

Down 



1 





1 

D^wn 
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Pert seorch turn 
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PURSUIT 
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IN 

OUT 




This reloy holds out for obout 10 pings ofter the lost echo. Since the 
echo sequences ore seldom seporoted by more then seven pings, 
once tripped it generolly holds out for the entire chose. 

Figure 14. Schematic of operation .sequences. 


Without this provision the torpedo will go around 
the bow of the target. 

2. The 500-ft blank. This is a range-closing cir¬ 
cuit. Once an echo has been received from a range 
less than 500 ft the range is reduced to 500 ft. This 
range reduction is used to prevent steering on echoes 
which are the result of reflection from the target to 
the bottom then back to the torpedo. This range re- 


when the pitch reaches 9 degrees the range is reduced 
to 1,000 ft. These circuits are all operated by means 
of cams and microswitches operated from the main 
motor shaft. The torpedo pitch is measured by mer¬ 
cury switches. 

Figure 15 is a schematic of the complete blanking 
system. The switches Cl, C2, C3, and C4 are oper¬ 
ated by the cams driven by the main motor. Blank- 
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ing is achieved by applying —26 v directly to the 
screens of the first stages of the two-channel ampli- 


-26 V 



RELAY 

Figure 15. Schematic of blanking circuits. 


fier. The cam switch Cl is closed during the time 
echoes from ranges 0 to 125 ft can come in. This is 
called the 125-ft blank and it prevents steering on 


echoes from ranges less than 125 ft. The two mer¬ 
cury switches marked 9 degrees and 6 degrees are 
closed for angles greater than 9 degrees and 6 de¬ 
grees of pitch respectively. The cam C2 is closed 
after the time necessary for receipt of echoes from 
ranges greater than 1,000 ft and C3 is closed after 
the time necessary for receipt of echoes from 1,500 
ft. With this arrangement, if the pitch of the torpedo 
is greater than 6 degrees the receiver will be blanked 
for any echo from a range greater than 1,500 ft, 
whereas if the pitch is greater than 9 degrees the re¬ 
ceiver will be blanked for any echo from a range 
greater than 1,000 ft. The cam switch C4 is a single¬ 
pole double-throw switch which is closed in the bot¬ 
tom position during the time when echoes could be 
received from ranges less than 500 ft and after this 
time it is closed in the top position. If an echo is re¬ 
ceived from a range less than 500 ft the echo relay 
will also be closed so relay B will be energized. The 
contacts Bl, B2, and B3 are contacts which are 
closed when relay B is energized. When this relay is 
once closed it will stay closed as long as the pursuit 
relay is closed. This means that via C4 and B3 the 
receiver will be blanked for all echoes of ranges 
greater than 500 ft and this blanking condition will 
remain until the pursuit relay opens. “ 

“ See references 6, 9, 10, 14, 20, 26 and 28 for additional 
material on topics in this chapter. 
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19.1 INTRODUCTION 

T he HARVAIID Underwator Sound Laboratory 
[HUSIj] undertook the development of an 
echo-ranging torpedo in the summer of 1942, utiliz¬ 
ing a dopplor-oontrolled enabling syst(;m as a pro- 
toction against steering on surface, bottom, or wake 
echoes. A special transducer wa.s dei’clopi^d to oper¬ 
ate at 60 kc which could be utilized both as a pro¬ 
jector and a hydrophone. The torpedo wa.s di^.signcd 
a.s an antisubmarine weapon and the electronic gear 
wa.s so designed that it could replace the standard 
electronic gear in the iiroj(;ct 61 mine. After ])roliin- 
inary field te.st.s on two oxjK'rirnental units, .six (do(!- 
tronic panels were built to convert the project 61 
mine to echo ranging with all (H)inponents engineiTod 
so that the system could be put in production with 
a ininirnmn of redesign. Thi.s design was designated 
as N0181F. 

The; units were tested against an coho rcfieater 
used 1,0 simulate a subtiiarine in August 1944. The 
pcrfoniiaiiee in these tests wa,s quite satisfactory. 
The units sircoessfully attacked an echo repeater 
after bench tesl.s indicated that the elect,ronic gear 
was in .sati,sfaclory ojierating condition. Some diffi¬ 
culty was encountered in the te.sts against a sub¬ 
marine, because of the difference between an echo 
repeater and a submarine as a target. The revisions 
iKicessary in the elec.tronic gear in order to overcome 
I,hose drfficultie.s would not have b('.e.n serious. How¬ 
ever, siiiee the General J^lectric version of N018I. 
had already been selected for this airplic^ation it 
seemed d(;sirable to do some major rcvi.sioii to sim¬ 
plify th(; .sy.stcm aird to increase the transmitter 
power output. This program resulted in the develof)- 
ment of the Ordnaitce He,search fjaboratory [ORL] 
project 4 version which will he described in ChaptcT 
21 . 

The system uses a single transducer made up 
of 32 small laminated magnetrostrictioiT elements 
mounted on a rubber diaphragm about 6 iir. in diam¬ 
eter. The 32 elements are divided into four quadrants 
and the eleinent.s in each quadrant are connected in 
series. The terminals for each quadrant are then 
brought out separately in a cable. Three, transformers 


are provided for couirling the transducer to the eleo- 
troiiiif gear, one to match tin; plat(; circuits of the 
traiismi1,t(!r power amirlifier to the transducer and 
two whidi match the transducer to the grids of the 
tubes in the fii’st stage of the receiver. By mean.s of 
lh(«c trausforinor.s, a serie.s-tuned circuit and eight 
resistors, the following features are a(!hiev(;d: 
(1) Transmission and reception are j)erforincd with 
the .same transduc-er elements without any form of 
switching being necessary; (2) the plate circuit of the 
transmitter power amplifier is properly matched to 
the transducer; (3) 20 db of voltage gain is provided 
between the tran.sducer and the input of th('. re¬ 
ceiver, and, (4) five signals are provided at the input 
of the receiver. The voltage (lifteren(;e hetween one 
pair is produce<i by a phase differenCKj between the 
signals on the two port quadrants and tire two star¬ 
board quadrants of the transducer. Similarly, the 
vol(,ag(', diffeixiucc between another pair is produced 
by a i)has(} diffeu'ence betwecni the signals on the two 
toj) quadrants and tin; two bottom quadrants of the 
triuisduccr. It is possible therefore to .steer in both 
azimuth and depth with the information thus pro- 
vid('d,. The fifth signal is a measure of the total a(;ous- 
tic signal on the transducer and is used to operate 
the enabling system. 

A block diagram of the electronic gear is shown in 
Figure 1. The operating freiiuency is 60 kc. The 
tran.sraitter power output is SO watts of electrical 
power with the transducer efficiency about 35 per 
cent. The transmitted pnlse.s are at 0.65-sec int(;rvals 
and the length of the l,ransniitt(;d pulses is 30 msec. 
Since this is an antisubmarine device, acoustic steer¬ 
ing control is in both azimuth and depth. No time- 
varied gain [TVG] is us(;d but an automatic volume 
control [AVC3 is used to allow the. receiver .sensi¬ 
tivity to be controlled by the level of the reverbera¬ 
tion. The enabling of the sy.stem is done by a com- 
binatioTi of an amj)litude g<‘xte and .a doppler gate. 
The amplitude gate re(iiures that an echo have a 
level at least 5 db above i cvei'heration level and that 
it persist for at least 5 msec. The dojxpler enabling 
system sets a requirement of 60 c frequency diffcr- 
em;e hetween the reverb(;ratioii and ait echo. The 
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syistem was <lesigned to convert the project 61 listen¬ 
ing torpedo to an echo-ranging torpedo. The body 
used is the standard project 61 body with very little 
modification besides the substitution of the echo¬ 
ranging electronic gear for the listening electronic 
gear formerly used. 


in the horizontal plane. Figure 3 is the pattern ob¬ 
tained when 0.55 watt of power is transmitted con¬ 
tinuously. Figure 4 is the pattern obtained when an 
electric! jjowor of 1.38 kw is transmitted in 1-msec 
pulses. It will be noted that the pattern at high 
power lov'cils is somewhat sharper than at low power 



19.2 TRANSDUCER 

The transducer used was made ui? of an array of 
laminated-stack magnetostrictivc elements. These 
elements were identical with those used in the Gen¬ 
eral Electric device described in Chapter 18 and il¬ 
lustrated in Figure 2 of Chapter 18. The version of 
this transducer used in the IIUSIj system differs in 
the arrangement of tlu! units in the transducer and 
the diameter of the diaphragm, since in this case a 
symmetrical sj'^stem in the vertical and azimuth 
planes is desired. Figure 2 shows the arrangement of 
the elements in this transducer and the numliers in¬ 
dicated on the elements are proportional to the num¬ 
ber of turns in the windings on the elements. Tliis 
shading of the windings on the elements is for the 
purpose of producing the desired patterns. The fre¬ 
quency response of this transducer is similar to that 
of the one used in the General Electric version and 
is indicated in Figure 4 of Chapter 18. Figures 3 and 
4 of Chapter 19 show the pattern of the transducer 


levels because the four (Central elements are approach¬ 
ing saturation. The curves of Figures 3 and 4 show 
the dynamic sound pressure at 1 m as a function of 
the angle. The following are the numerical charac¬ 
teristics of a representative transducer. The pattern 
is 9 db down, 10 degrees off the axis. The overall 
directivity index is —23 db and the first minor lobes 
ar(! at least 25 db down. The imp(:dan(!e of ea(!h 
quadrairt i.s 25 -f ,;'80, and since thci transducer is 
connected with the quadrants in .sc.nes-parallel, this 
is the impedance of the entire transducer in actual 
use. During tran.smission, 74 db above 1 dyne per 
s<i cm is developed at a rang(! of 1 m per volt of elec¬ 
tric signal applied to the transducer. The receiving 
sensitivity is —86 db below 1 A'olt per dyne per sq 
cm. The, efficiency reacthes a maximum value of 38.5 
per cent at an electric power input of 800 watts. At a 
power input of 1.38 kw the acoustic power output is 
403 watts with an efficicaicy of 29.2 per cent. Sineo 
the transducer is symmetrical, its pattern in the ver¬ 
tical plane is identical to the pattern in the hori¬ 
zontal plane. 














INPUT CIRCUIT 
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19.3 


r^TUT CIRCUIT 


The input circuit used has the advantage tiiat it 
(‘.ornbines the step-up transformation from the trans¬ 
ducer impedance to the grid impedance with a lag- 
ime action all in one step, Turthermorej it jiermits 
transmission without need for disconnecting the re¬ 
ceiving system. The circuit for this input system is 
shown in Figure 5. In this circuit, quadrants 1 and 
8 of the transducer are connected in parallel as aro 
also quadrants 2 and 4, but, as indicated in the dia¬ 
gram, quadrants 2 and 4 are c.onnected so as to give 
voltages 180 degrees out of phase with quadrants 1 
and 3 when the sound is nonnally incident on the 
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Figure 2. Array of elements in the transducer. 


transducer. The voltages developed acros.s the two 
input transformers thus vaiiisli for sounds normally 
incident and are proportional to the difference be¬ 
tween. the voltages on the corresponding pairs of 
quadrants when the sound is not normally incident. 
It is very important that the coupling between the 
two halves of the input transformer be as tight as 
possible. This is particularly im^iortant for trans¬ 
mission since the transmitting signal is fed through 
the center taps of the input transformer and if the 
coupling is not tight, there will bi; a large voltage 
drop across the two halves; hence the voltage ap¬ 
pearing at the center tap will not be the voltage ap¬ 
pearing across the transducer itself. 

The oporDition of the circuit shown in Kigure 5 
may be best described by computing the voltages 


appearing at various points in the circuit, assuming 
that the voltages developed by each of the four 
tpiadrants of the trau.sducer, and the impedances, 
are as indicated in Figure 5, It is to be noted that 



Figure 3. Transmitting p.attern for 0..55 watt. 


Ihe conden.sers Y, series tune each quadrant of the 
triiusdueer and similarly thi) condenser Y, smies 
tunes the inductive reactance of the coil X,. The 
circuit XgYj, will be referred to as the 90-degree cir- 



Fioure 4. Transmitting pattern for 1.38 kw. 


euit since it is tuned so that tliere is a 90-degreo 
pliase shift between the two ends of X*. 

The re-sistance Rl is assumed to match the in¬ 
ternal re.sistancc of quadrants 1 and 3 or 2 and 4 in 
series so that 


Rl = 


( 1 ) 
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If this is the ease, the voltages developed aeross 
Rl are 

- &), 

and ( 2 ) 

on the left and right hand sides of the diagram nspec- 
tively. In the circuit as used, Rl vas omitted and 
the value of was so select(!d that the network pro¬ 
vided the load Rl. Neglecting the loading effect of 


, ^ ^ Tjy. 

■ + R,+iRi 

(ci ei 63 64) (lia) 

Rl , , Til's 


B- iV 

■ " A;i + 2.v*7i:i 


777 - Cl) 


Ra + tRi 


(ci + e 2 + €) + et) (5b) 



the 90-degree section consisting of the series-tuned 
circuit X„Y„ the voltage appearing at the i)oint E is: 


C: iA- 


Rl 


Rl + 2 N'm 


(Cd 


ej) - 


ijV a 

Rs + \Ry 


l(ci + 62 -f- cs + C 4 ). (3) 

It is essential that the two halves of the output 
transformer be very tightly cou{)led in order to 
achi(!ve the result (3). The factor arises from the 
fact that the voltage is that appearing across only 
one-half the secondary of the output transformer. 
The impedance looking back from point E looks like 
all four quadrants in parallel, namely ]4^Ri. The 
voltage developed at point F after the step-up cir¬ 
cuit is therefore given by: 

T, \ n t(ci + C2 -H e,i -h 64) ■ ( 4 ) 

■its “r 4 * 

The voltages ai)pearing at points A, B, C, and D are, 
respectively: 


D : NV 


Rl 


Rl + 


- C 4 ) 


(ci -h 62 + C .1 + 64 ) (5c) 


R« -|- t-Ri 
( ci + 62-1- C 3 + 64 ) (5d) 


For simplicity of notation, let 

—^ - = 0 
Rl + 2 N^R, 


Ra + ^Rl 


(G) 
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In terms of fhis notation the voltages appearing 
at the four stcoriiig grids are as follows: 

-IIT: — iiKQs(^i "f" 62 "h Ca ■{- £4) “H 

TQD(ei + (U — e-i — fij), (7a) 

LFl: —\jQs{ei + £^2 + 63 + t’ 4 ) — 

rQi){ei + €4 — e-i ~ nO, (7b) 

UP; + C 2 + t’a + 64 ) + 

Tf?n(ci + £^2 — Ci ~ f;4), (7c) 
Uf'f; ~ljQsi(u + 62 + ca + 64) — 

■xQniei + 62 ~ C;! — 64)- ( 7 d) 

The right and left volta,ges may be written in the 
form: 

KT: —yPofci + £' 4)6 + Jo; + (^2 + £' 3)6 — jcx, ( 8 a) 

UIT; —j Po(<;i "h 64)6 ~ ja + ((?2 + 63)6 + jot, (Sh) 
when t'o = lCh“ + Qd\ 
and 


It is thus seen that the final output voltages are sim¬ 
ilar in angular dependance to what would be ob¬ 
tained with a lag line of angle ‘la between the right 
and left hahos of the transducer. Similarly th(i effect 
of a lag line between the liottom. and top halves is 
obtained at the UP and DN outputs. Referring bac:k 
to cciuation (0) we see that the equivalent lag-line 
angle is given by: 


2£r = 2 tair ’^ = 2 tan 


NRl 

/?l + 2to 'r,‘ 


As an example, in the Harvard N0181F .system, 
Qs is 10, N is 15.2, and JIl = wlnmce Qd = 

7.0. Hence, the equivalent lag-line angle is 74 de¬ 
grees. 

The transmitting behavior of the circuits is regu¬ 
lated by the biased diode connected from the secon¬ 
dary center taps of the input transformers to ground. 
When the voltage at this i)oint excced.s tiie bias on 
the diode, the latter shunts the condenser V', and 
spoils the Q of the tuned circuit X,)T so that this 
circuit, which has been termtid the 90-dcgice circuit, 
does not load the transmitter apj)reciably. This fea¬ 
ture r(;qiiires for its proper operation that the diode 
have a low-resistance d-c return to ground, which in 
the pr(;seiit ea.se i.s provided by the series coil A, and 
the secondary winding of the output transformer. If 
the uiput transformers are properly center-tapi)ed, 
the voltages developed across the two halv(!S in 
transmis.sion tend to cancel, with the result that the 


input,s provide negligible loading of the transmitter 
ev^en though the secondaries are terminated. Clon- 
.siderablo unbfiiance in the input system may be tol¬ 
erated without appreciable loss of power. 

The bia.S’ on the diode is adju.sted .so that it is never 
excc'oded by llie signal voltage appearing between F 
and ground duruig reception. In that case the voltage; 
app<!ai'ing at F, and hence on terminal 1, giv&s .sim¬ 
ply the un.shifted receiving pattern, which may be 
u.sed as desired. In this system it provide;® the signal 
input for the channel which controls the AVC and 
actuates the doppler gate syst(;m. 

Figure 6 ,sliow.s the voltage differential between 
terminals 3 and 4 or 2 and 5 of Figure 5 as a fmiction 
of electrical jdiase difference betW(;oii signals 011 the 
two halves of the transducer determined experimen¬ 
tally with a r(;presentative unit. 



0 10 20 30 40 50 SO TO 

SIGNAL PHASE DIFFERENCE IN DEGREES 

I’lUUHE fi. Voltage differential as a function of signal 
pluw-e difference between signals from the two halves 
of (he transducer. 


Figure 7 .shews a .set of curve,s obtained from one of 
the experimental units. Tlie-se indicate the; perform- 
fiiice of the trail,sduccr and input circuit in both 
transmission and reception. The; curves indicating 
{)£;iformance in reception were obtained by mounting 
a source so that it made varioms angles with the axis 
of the transducer and deterniiniiig the; relative pulse 
level as a function of angle which was necessary to 
actuate the .steering relays in the system in one ca,S(;, 
and in the other tlu; level necessary to operate tin; 
enabling syst(;m. The .signal which operates the en¬ 
abling .systenv is taken from terminal 1 in the diagram 
of Figure 5. Tin; third curve .sliow.s the relative level 
of the transmilt(;d pulse a.s a function of the angle off 
th(; axis of the transducer and it was determined by 
in(;a,suring the kwel.s of .signal receiv(;d by a hydro- 
phom; when the transducer wa.s excited by means of 
the transmitter in the torpedo. 
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ANGLE OFF AXIS IN DEGREES 

Figure 7. Cbararteristics of transducer and input circiiit. 



Fiouhe 8. Time-base circuit, 
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19A TIME BASE 

The system is designcid to transmit 30-msec pulses 
at 0.7-sec intervals. In order to aeeomplish this a 
multivibrator is used as a time l)ase. The transmitter 
is designed so that it is actuated by a positive pulse 


The multivibrator circuit incorporating the tube 
VI in Figure 8 determines both the 0.7 -sec interval 
and the 30-msec pulse length. The resistor R3 and 
the condenser C3 determine the 0.7-sec interval 
while the resistor Rl and the condenser C2 deter- 
mme the length of the pulse. The 30-msec pulse 


_^30 MILL15EC 
TRANSMISSION 

50 M!L',.:SEC 

— REVERBERATION —- 
SAMPLING PERIOD 

RECEIVER 



LISTENING PERIOD ^ 



700 MtLLlSEO 


PlCURE !) 

Sequences controlled by the time-base circuit. 


and it is also nece.ssary to blank the receiver by 
means of a negative pulse wliich is generated .simul¬ 
taneously with the transmitten-actuating positive 
pulse. In addition, it is nc^'cssary to operate a relay 
immediately following the end of the transmitted 


\vhich is generated by the system is a negative pulse. 
The po.sitivc puke used to actuate the transmitter is 
obtained by means of the phase-inverter stage V2. 
Figure 9 .shows sehematically the sequeuco.s which 
are controlle<i by the time base. 





pulse and hold tho relay closcxl for a p(;riod of 50 
msec. The operation of this relay circuit is accom¬ 
plished by differentiating the negative pulse by 
means of the condenser C5 in Figure 8 so that the 
relay operates on the positive pip at the end of this 
pulse. A holding time is incorporated in the relay 
amplifier circuit to enable it to hold the relay closed 
for the necessary 50-msec interval. 


19.5 TRANSMITTER 

Smcc this device utilizes the doppler frequency 
shift caused by the motion of the target through the 
water to enable the steering amplifier, it is necessary 
that the fret-iuency stability of the transmitter be 
(piite good. In order to accomplish this, care was re¬ 
quired in the design of the transmitter oscillator and 
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in the mcfxiLs of coupling; the oscillator to the power 
amplifier. The 1-2-3 .section of the tube VI in Figure 
10 is the transmitter-oscillntor stage. The frequency- 
determining components are the inductance Id and 


coupled to a buffer stage by means of the condenser 
C3. The buffer stage uses the 4-5-6 seetioxi of the 
tube VI. The 6V6 tube V2 is the driver stage which 
is used to drive the pair t)f S15 tubes V3 and V4 
which constitub; the power amplifier. The oscillator 
and the driver stage are normally bias(;d to ('iitoff by 
means of the —48-v conn(;ction. The transmitter is 
actuated by means of a positive pulse apfjlied to the 
grid of the Oscillator by way of the resistm R4 and to 
the grid of the driver by way of the res’istor 1110. 
Those stages are then made operative for the diini- 
tion of the 30-insec po.sitive pul.se from the time base 
circuit. The output of the ])Ower-am|)lifier stage i.s 
f(',d to terminals 6 and 7 in Figure 5. Tlie.se are the 
terminals of the primary of the jiower-output trans¬ 
former which is an integral part of the input cinniit. 
The supply voltage for the trail,smitt,or is afiplied to 
the center tap of tfie primary winding of the pow’er- 
output transformer. The electric power output of the 
transmitter is about 80 w'atts re.sulting in an acoustic 
power output from the traasducer of about 28 watts. 
The power supply for the .screeii.s and the pbites of 
the power amplifier as well as the plate of the driver 
stage is a special battery w hich generates 470 v for 
the plate supply, and a 200-v tap is taken for the 
screen suiiply. In order to reduce the size of this bat¬ 
tery, a 40-juf cieetrolytic condenser w^as eomicetcd 
between the 470-v terminal and ground, and a SO-^f 
electrolytic condenser was connected from the 200-v 
terminal to ground. Tliis arrangement allows the 
e.ondenser.s to .supply th<', very high currenl, clraui 
necessary during the interval of tran,smis.?ion and the 
battery charge.s tin? condcnisers again during the lis¬ 
tening period. The plate.s of the multivibrator lube 
VI in Figure 8 were also tlriven from the 200-v tap 
on tht; transmitter battery. Another battery with a 
t35-v tap ivas used for the receiver power supply. 
This was the sounie for the -f- 135 v for the transmit¬ 
ter o.scillator and buffer stages. 


19.6 STEERING RECEIVER 

The steering receiver utilizes the output from ter¬ 
minals 2, 3, 4, and 5 of the input circuit indicated in 
Figure 5. As was pointed out in Section 19.3, the 
voltage differenco betw'(',eu terminal.s 3 and 4 is de¬ 


termiued by the (dec-trical phase; difference between 
the signals on the right and left halves of the trans- 
duc<;r, whereas tht; voltage diff(;reiice between the 
.signals appearing on terminals 2 and 5 is determined 
by the eleidrical phase difference biitween the signals 
on the top and bottom halves of thi; transducer. Tf 
an echo is recteived from ;i direction to the right of 
the axi.s of the tran.sducer the voltage on terminal 3 
will be higher than that at terminal 4, whereas if the 
signal is received from a point to tho left of the axi.s 
of the tran.sdueer the voltage at terminal 4 will he 


higher than that at terminal 3. In the same way, sig¬ 
nals arriving from above the axis of the transducer 
produce a higher v'oltage at terminal 2 than at ter¬ 
minal 5, whereas signals arriving from below the axis 
of the transducer produce a higher voltage at terminal 
5 than at terminal 2. If tho signal arrives from a point 
on the axis of the tran.sdueer, the .signals developed 
at all four of the.se terminals will be tin; same. 

In the steering leceiver, shown in Idgnre II, the 
■signals from these; tt'-rminals are applied to the grids 
of the tiihe.s VI, V2, V3, and V4. These tubexs are 
suppli(;d with a .signal on tiieir screens which is gen¬ 
erated by means of .u local oscillator operating at a 
freepiency of approximately I kc. This oscillator and 
its a-ssociated pliase-shiftrng netwmrk generate.s four 
signals of the .same frequency, but the pha.so rela¬ 
tions are such that if one i.s taken as 0 degr(;e, there 
will be one at 90 degr('(;s, one at 180 degrees, and one 
at 270 (legro(!s. The four tuhe-s VI, V2, V3, and V4 
w’ith their 1-ke screen siipi)ty constitute a switching 
system in w'hich one tube is ac'ttve for only about 
on(;-fourth of each cycle of the local l-k(; o.scillator. 
The plates of the four tubo.s are (ionneeted together 
and the primary of a 60-kc band-pass filt(;r serves as 
the common plate load for the four switchhig t!!be.s. 
The output of the band-pass filter is a 60-k(; signal 
so niodulated by the 1-kc, switching .system that if a 
signal is fed to the grid of only one of the tiibe.s, th(;r(', 
will be output from the band-pM.ss filter during only 
about one-fourth of each cych; of the l-ke oscillator. 
The outj)ut of the; 60-kc band-pa8.s filler is fed to a 
two-stage resistance-coupled amplifier which in turn 
is eoupl(;d to a third stage with a 60-kc hand-pass 
filter in its plate circuit. The two-st.age resistxinee- 
coiipled amplifier is blanked during the time of traics- 
mission by application of the negative pulse from the 
time base to the supiu'cssor grids in the tub(;s. 41ie.se 
two .stages are also suhjed. to AVC control applied 
to the control grids of the tubes. The method of ob¬ 
taining the AVC will bo de.s(;ribed in a later soetiou. 
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The third stage of the 60-kc amplifier contains the 
enabling feature. This stage is biased to cutoff by- 
means of a negative bias apph(;d to the suppressor 
grid and the control grid so that a signal cannot 
pa.SB this stage unless a positive enabling pulse is 
supplied to counteract this bias. The enabling pulse is 
supplied from the doppku-ciiabling receiver which 
will be described in the next section, h’ollowing the 
third stage of 60-kc aiiiplilier is a rectifier which 
serves as a demodulator. TIk; output of the demodu¬ 
lator contains a filter Cl and 117 which removes the 


larit.y is determined by whether the signal on termi¬ 
nal 2 or f) of the input circuit is larger. Each of these 
pliase-Bensitive detectors has a inaxiuium output 
voltage which is determined by the kwel of signal 
from the l-ki; oscdllator. For small values of target 
angle thi; voltage output of the phase-.sonsiiivo de¬ 
tectors is a fumdiori of target angle, but if the targed, 
angks is very much more than I degree, the voltage 
level of the pLase-sensitive detectors will reach the 
saturation value. The outputs of the two phase- 
semsitive detectors arc^ fed to the steering-relay am- 



residual 60-k(; signal, diie resulting 1-kc signal which 
also (iontains considerable 2-kc and 4-kc components 
is fed to the grid of V6 which is a 1-kc. amplifier with 
tuned plate load of sufliciently high Q so that the 2-kc 
and 4-kc components in the signal are quite effec¬ 
tively suppressed. The output of the 1-kc amplifier is 
fed by means of two 0.01-itf condemsers to two jihase- 
serisitive detectors. The.se phase-.sensitive detectors 
receive activating signal from the same 1-kc oscillator 
system which is u.sed for switching the input tubes. 
1)1 this way the phase-sensitive detector marked 
azimuth generates a d-c voltage who.se polarity is 
determined by whether the signal on terminal 3 or 4 
of the input circuit is larger. 41ie vertical nha.se- 
sensitive dete(itor i)rodu(;es a d-c voltage whose po- 


plifiors. These amplifiers will be described in a later 
S(5Ction. 

The sensitivity of Iho four switching tubes VI, V2, 
V3, and V4 to the 60-kc signal is confrolkid by three 
jiotentiometers, PI, P2, and P3, which control the. 
level of direct current which is allowed to flow in (he 
re.sist()rs Rl, R2, R3, and R4. The voltage drop in 
those resistors conl.rols (Ik; grid bias of these tubes 
and thiu'ofori! fhoir .soiisilivify. It is necsessary to pro- 
-idde tho throe potcntiomclius in order to balance the 
sensitivity of V2 and V3 for the azimuth channel 
and VI and V4 for tho vortical channel and then to 
balance the vertical channel relative to tho azimuth 
channel. 

Wlien an echo -with dopiiler frequency shift is rc- 
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ceived, a piilso is geiicralad in the (aiabling rocadver 
wliicli applies the enabling positive piiLsc; to the 
grids of the last stage of the GO-kc ampufier. After 
the beginning of this ]iulse the signal is able to ride 
through the last stage of the 60-kc amplifier and the 
deanodulator so that the l-kc amplifier stage is ac¬ 
tuated. It is necessary to make a comjjromise in the 


by the frequency difference between the reverbera¬ 
tion n^tumod from the water surrounding the tor¬ 
pedo and the echo. In order to do this, a frequcncy- 
•sensitive receiver was necessary for the enabling and 
it was necessary for this frequency-sensitive receiver 
to incorirorate an automatic frequency control sys¬ 
tem in order to correct for the own doppler produced 


7-KC DISCRIMINATOIt 



Fihure 12. Doppler-enabling receiver. 


selection of the Q of the tuned (dreuit in the l-kc 
amplifier. A very high Q circuit will give maximum 
rejection of 2-kc and 4-kc components while it in¬ 
creases the time necessary to build up the l-kc; am¬ 
plifier to full output. A Q of about b5 for this (dnaiit, 
when it is loaded by the phase-sen.sitive detectors, 
was selected as the best compromise. 

19.7 DOPPLER-ENABLIJNG RECEIVER 

In the design of the Harvard N0181 system, jiro- 
vision was made for enabling the steering n^ceiver 


b 3 ^ the motion of the torpedo through the water. This 
enabling receivCT has incorporated in it an amplitude 
gate so that in addition to the criterion of frequency 
difference there is also a criterion that the level of 
echo relative to reverberation, must exceed a certain 
value and persist for a certain ininirnum length of 
time. 

The circuit is indicated schematically in Figure 
12. VI is a stage of arnplificiation which receives its 
input from terminal 1 of the input circuit indicated 
in Figure 5. This signal is proportional to the average 
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voltage developed on the four quadrants of the trans¬ 
ducer and has the frequency of the received acoustic 
signal which is nominally 60 kc. V2 is a frequency- 
converter stage with the signal supplied to its control 
grid from the output of the stage VI. The signal 
which is supplied to its screen is the output of the 
oscillator stage V9 whose frequency is nominally 53 
kc. The plate load of V2 is the primary of a 7-kc band- 
pass filter which has a frecjuericj^ range of 1.4 kc bC” 
tween the two 3-db down points. This band-pass 
filter selects the 7-kc frequency difference from the 
combination of frequencies present in the plate cir¬ 
cuit of V2. The two-stage amplifier which follows the 
7-kc band-pass filter is the same two-stage amplifier 
as is indicated in Figure 11. An important feature of 
this device is the use of a common amplifier for the 
60-kc steering receiver and the 7-kc frequency- 

QfinGifiArA T^ntVi. r»f tllocp 
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A VC which is applied to this two-stage amplifier; the 
source of the A VC voltage is the signal voltage gen¬ 
erated in the 7-kc channel. Following the two-stage 
amplifier is a third stage which includes a 7-kc band¬ 
pass filter identical with the one in the plate circuit 
of the stage V2. A portion of the output of this last 
7-kc band-pass filter is rectified for use in the auto¬ 
matic volume control which will be described in de¬ 
tail in Section 19.9. Another portion of the output 
goes to the amplitude gate which passes an echo sig¬ 
nal if it exceeds the background level of reverberation 
by as much as 5 db and persists for as long as 5 msec. 
The amplitude-gate circuit will be described in detail 
in Section 19.8. 

Since the wave form of the signal emerging from 
the amplitude gate is comsiderably distorted, this 
signal is fed to a 7-kc tuned amplifier which is fol- 

o+onra nrlTioJi o » 
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tor primary in its plate circuit. The stage V3 also 
serves as a limiter stage so that the discriminator 
output voltage will be a function of frequency only. 
The action of the discriminator and the rectifier V4 
produces a d-c voltage at A, whose polarity is de¬ 
termined by whether the frequency is above or below 
the center frequency of the discriminator and whose 
magnitude is determined by the amount of the fre- 

r«nr\v^/TTT TpPr\T»/-iTl ^r>r 
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filter consisting of 116, R7, and R8 and the condensers 
C7, C8, C9, and CIO is an RC filter which is de.signed 
to reduce the effect of peaks of voltage at A pro¬ 
duced by fluctuations in the reverberation frequency. 
The discriminator filter has a time constant which 
adds to the time constant incorporated in the am¬ 


plitude gate, since it is impossible for the discrimina¬ 
tor filter to start to build up until after signal has 
begun to pass the amplitude gate. The time constants 
of the amplitude gate and of the discriminator filter 
are important factors to consider in the operation of 
the entire system, since it is necessary that both of 
these time constants be overcome before any ena¬ 
bling pulse can be applied to the enabling grids in the 
last stage of the 60-kc steering amplifier in Figure 
11. This enabling pulse must arrive at the enabling 
grids in the steering amplifier in time to allow the 

1- kc amplifier to build up to sufficient voltage to 
operate the phase-sensitive detectors. It is the sum 
of all of these time constants which determines the 
minimum length of transmitted pulse which can be 
used to operate the system. It was these factors 
which originally determined the use of transmitted 
pulses of 30 msec. 

The voltage which is supplied at terminal A is 
used for the automatic frequency control which cor¬ 
rects the local 53-kc oscillator for the own doppler 
of the torpedo. The relay which is operated by the 
differentiated negative pulse so that it is closed dur¬ 
ing the 50-msec interval following transmission is 
indicated in Figure 12 as the own-doppler nullifier 
[ODN] relay. This relay connects terminal A to the 

2- td condenser C15 and the grid 4 of V8. V8 is a re¬ 
actance tube which serves to place a variable resist¬ 
ance between the condenser C18 and ground. As the 
potential of the grid 4 of this tube is changed, the 
effective resistance between C18 and ground is 
changed; this changes the effective capacitance of 
C18 in the oscillator tank circuit. The frequency at 
which the transmitter oscillator is operated is so 
chosen that with the normal speed of the torpedo, 
the voltage generated at termiinal A by the rever¬ 
beration signal will be zero when the potential to 
which the condenser C15 is charged is as near zero 
as possible. When the torpedo is started, the ODN 
relay samples the voltage developed at A from the 
reverberation following each ping and the condenser 
C15 is gradually charged until the frequency of the 
53-kc oscillator is adjusted to the point where rever¬ 
beration signal produces zero voltage on the average 

Q+ A ^ lO rvnlockc? 
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from the transmitter. The rate of correction of the 
ODN is determined by the discriminator sensitivity 
in volts per cycle, the reactance tube sensitivity in 
cycles per volt, and the resistors R23, R24, and R25, 
and the conden.ser C15. The product of discrimina¬ 
tor sensitivity and reactance-tube sensitivity is about 
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100 and the time constant determined by adjusting 
R25 was made so that when the frequency input at 
the grid of VI was shifted 200 c from that which 
would produce zero voltage at A, four pings would 
cause the voltage at A to be reduced to half the ex¬ 
treme value; i.e., half correction for the own doppler 
can be achieved in about four pings. Since the nature 
of the amplitude gate is such that a continuous signal 
like the reverberation which is controlling the A VC 
of the amplifier cannot pass the amplitude gate, it 
is necessary to disable the A VC during the period of 


lei to the axis of the torpedo. In order to provide for 
this frequency difference for enablement, a separate 
4o-v battery in the receiver battery pack was con¬ 
nected to the terminals of 119 and Rll as indicated 
in Figure 12. The voltage drop across the resistors 
RIO and Rll provide the voltage which must be 
overcome by the direct current generated in the dis¬ 
criminator by means of the frequency difference. The 
value of the required frequency range, called the 
doppler notch width, can be adjusted by varying the 
value of the resistor R9. 


c/ 



sampling of the potential at A by the ODN relay. 
This is accomplished by another pair of contacts on 
the ODN relay which perform the function of short¬ 
ing the AVC during the ODN sampling period. 

Since the shape of the pulse envelope emitted by 
the transmitter produces a certain frequency spread 
in the transmitted frequency and since all reverbera¬ 
tion is not received from points on the axis of the 
transducer, the reverberation will contain a certain 
range of frequencies. It is neces.sary to impose the 
condition that the doppler shift in frequency cau.sed 
by the motion of the target be greater than a certain 
value in order to avoid enabling of the system be¬ 
cause of frequency components which are present in 
the reverberation. The choice of the minimum dop¬ 
pler frequency shift to be used for enablement was 
about +60 c. This corresponds to a component of 
target speed relative to the water of IJ^ knots paral- 


When the pulses have sufficient doppler frequency 
shift to produce a voltage which will overcome the 
bias on either terminal 3 or 8 of V5, the pulse will 
pass one side or the other of the rectifier and the 
nukse signal will be applied to the grid 1 of V6. If the 
pulse supplied to grid 1 is a negative pulse, a positive 
pulse will be generated at the plate terminal 2 of 
V6 and will be passed through the lower half of the 
diode of V7. If, however, the pulse at grid 1 of V6 is 
a positive pulse, the pulse at plate 2 of V6 will be a 
negative pulse which cannot pass the diode V7 but a 
negative pulse will be applied to grid 4 of V6 which 
will generate a positive pulse at plate 5 which will 
pas.s the upper pair of electrodes in V7, The tube V6 
therefore plays the role of pulse amplifier and phase 
inverter so that, regardless of the polarity of the 
original doppler pulse, a positive enabling pulse will 
be generated at the output of the rectifier V7. The 
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enabling pulse is then applied directly to the sup¬ 
pressor grid and the control grid in the enabling 
stage of the steering amplifier shown in Figure 11. 

19.8 AMPLITUDE GATE 

The details of the circuit elements in the ampli¬ 
tude gate are indicated in Figure 13. VI and V3 are 
the two sections of a single 6116 tube while V2 and 
V4 are the two sections of a single 6SN7 tube. The 
output of the 7-kc amplifier appears at point PI in 
the diagram and this signal is applied via R6 to grid 
terminal 1 of V2 and via R1 and Cl to the cathode 
terminal 4 of VI. Terminal 4 of VI is connected to 
the point P2 by way of the resistor R2, and the anode, 


as happens when an echo is received, will result in a 
coiTesponding increase in level of signal at PI. This 
increase in level of signal at PI will cause grid ter¬ 
minal 4 of V4 to become more positive, which will 
change the relative values of the potential at points 
P2 and P3 so that terminal 3 of the diode section VI 
will no longer be negative with respect to terminal 4 
of VI. When this condition is achieved, the diode 
section VI becomes conducting. The system is so de¬ 
signed that the amplitude gate becomes conducting 
when the ratio of echo to reverberation level is about 
6 db with the level of rev'^erberation at terminal 1 of 
Figure 5, — 90 db referring to 1 v [dbv]. The echo- 
to-reverberation ratio necessary to pass the ampli¬ 
tude gate increases with decrease in reverberation 
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terminal 3, of VI is connected to the point P3 by 
way of a resistor (R3). When no signal appears at 
PI, P2 is sufficiently positive with respect to P3 so 
that the diode section VI cannot conduct any signal. 
If the signal level at PI is increased, this signal will 
be amplified by V2 and the output signal from V2 
will be rectified by V3 and the resulting bias applied 
to grid 4 of V4. 

Because of the action of the AVC, the signal level 
at PI will remain nearly constant for a considerable 
variation in the level of the input signal to the am¬ 
plifier. However, the time constant in the AVC cir¬ 
cuit is such that a sudden change in signal level, such 


level because the AVC does not provide a perfectly 
flat response in the common amplifier. The adjust¬ 
ment of the echo-to-reverberation ratio at which con¬ 
duction takes place is done by adjusting the relative 
values of the two resistors, R16 and R17. It is also 
required that the amplitude gate shall remain non¬ 
conducting unless the echo signal persists for a period 
of at least 5 msec. This time constant is obtained by the 
resistor R12 and the condenser C5. In order to make 
the amplitude gate conducting during the first 50 
msec following transmission, the AVC circuit is 
grounded by means of a contact on the ODN 
relay. 
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19.9 AVC CIRCUIT 

The 7-kc channel is also used as the source of sig¬ 
nal for the AVC on the 2 stages of the common 
amplifier. The tube VI in Figure 14 is the AVC rec- 


which form a bleeder circuit from the -f- 135-v supply, 
a delay bias of 8.4 v is applied to terminal 4 of the 
rectifier. When the peak value of the signal exceeds 
thi.s bias, the diode conducts and charges the con¬ 
densers C2 and C3. The two-megohm resistor R5 


Figure 15. Characteristics of the N0181 electronic system. 


tifier. The 3-4 section of this tube rectifies the sam¬ 
ple of signal which is obtained from the output of 
the 7-kc amplifier via the condenser Cl and the 
resistor Rl. By means of the resistors R2 and R3 


with the capacity of the condenser C3 serve to make 
the time constant of the AVC system large enough 
so that an echo signal will not be long enough to con¬ 
trol the AVC sufficiently to prevent conduction of 
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th(; full signal by the amplitude gate. In order to he 
certain that the AVfl action will diminish at a rate 
sufficient to cause the amplifier to follow the decay 
in re'V'orberation, the AVC condenser C?> is furnished 
with a discharge path by 'way of the 8-5 section of 
the diode. By this arrangement, the junction of R5 
and C3 will never be more negative than terminal 3 
of the 3-4 section of the rectifier. The condenser C2 
and the resistor H4 serve to takci out the 7-kc ripple 
from th(5 voltage appearing at terminal 3. The AVC 
voltage for the first stage of the common amplifier 
is taken from the junction of the rft,si.stor R7 and the 
condenser C5 whereas that for the second stage of 
the common amplifier is taken from the junction of 
R5 and C3. The AVC is such that, for a change of 
signal lev(d at tcrniinal 1 of the ini)nt circuit of 20 
db, the change in level at PI in. Figure 13 is about 
1 db. The rciinoval of the AVC during the first 50 
msec of the listening period is accorai^hslied by con¬ 
necting the junction ot the ro.si.stor R5 and the con¬ 
denser C3 to ground by way of one pair of contacts 
on the OJ.IK relay. 

19 10 CHARACTERISTICS OF THE 
ELECTROMC SYSTEM 

ill ordi'r to illustrate the behavior ot the two iror- 
tions of the receiver system, the pliotograpli.s .shown 
in Figures 15 and 16 will be used, fidie photographs 
in Figure 15 were made irsing a cathode-ray oscil¬ 
loscope [CRO] with the sweep of the oscilloscope 
synchronized with the time base in a test set used to 
generate a signal which siraukted roveiberation with 
the noiiiial rate of decay of the reverberation sig¬ 
nal and an ooho signal superimposed on the rever- 
beration and occurring at about ISO nisei! after the 
beginning of the reverberation signal. The signal 
generator was so arranged that the echo signal fre¬ 
quency was different from the reverberation fre¬ 
quency by an ainoimt which would simulate the 
doppler caused by a reasonable speed of motion of a 
target. 

In Ihgiire 15, A shows the envelope of the rever¬ 
beration and echo signal which was injecterl into the 
receiver injiut circuit. The striations on the pattern 
are prodiiciid by a 60-0 pickup in the o.scilloscopc and 
serve as a lime scale on the pattern. In Figure 15, 
B wa,s obtained by connecting the input of the oscil¬ 
loscope to point B in Figure 12. Thi.s is a point in the 
amplifier of the enabling receiver just preceding tin; 
amplitude gate. Inoiderfortheamplitudegate topass 


revorberation signal during the initial portion ol the 
listening period and to correct the local oscillator for 
own doppler of the torpedo, it is necessary to short 
the AVC by means of a contact on the ODN relay. 
In B of Figure 15 a transient can be observed after 
the fifth striation on l.be signal envelope, d^his tran¬ 
sient is produced when the contact.? of the ODN re¬ 
lay are opimed. It will be noted that the shape of the 
envelope from the extnime left-hand side up to this 
transient is siiiiilfir to the shape of the envelope in 
the corresponding portion in A. After the AVC short 
is removed, the AVC rapidly as.sume.s control so that 
the .signal lev(4 at this point in the circuit decreases 
quite rapidly. When tiro echo arrives, the effect of 
the echo signal, which is at about 10 db higher level 
than the reverberation just preceding it, is to still 
further increasi; the AVC voltage and theriifore de¬ 
crease the .sensitivit}’^ of the amplifier. The level of 
the revi'rberation signal just following the echo 
ineasuri’d at this point iii the amplifier is aelually 
lower than it is a few msec later. Figure 15C is the 
pliotograjili of Iho envelope of the signal which ap¬ 
pear.? at point C in Figure 12. 'riiis is at a point fol¬ 
lowing tile amplitude gate. The nature of the enve¬ 
lope. of the signal during the time th<’ AVC is shorted 
is similar to the shajie of the envelope! in B. However, 
when the AVC is allowed to fiiiietion, the signal is 
brought down to the point wluire the amplitude gate 
becomes nonconducliiig, about 80 msec after the 
AVC .short is removed. Tlie effect of the amplitude 
gate is to reduce the signal at this point in the am¬ 
plifier to zero until the echo arrives. The echo is then 
pas.scd through the amplitude gate willi very little 
lo.ss in level and, as .soon as the echo has p,assed, the 
arapiitiide gale becomes uoiicoiiducting again. At D 
in Figure 15 i.s a pliotograiih of the signal at point D 
in Figure 12. This signal is the doppler-enabling 
pulse. It is iiiifiortaut to note here that, in .spite of 
the fact the amplitude gate was conducting during 
about the finst IGO msec of the listening interval, tlu! 
signal which was passing the amplitude gate eon- 
taiiiod no target dopplor and therefore no eorrc,spoiid- 
ing signal was generated at point D in Figuri; 12. 
However, when the .simulated echo arrived, the pre.s- 
ence of the frequency .shift due to the target doppler 
caused the pulse indicated at D to bi; generatcid. 
Thi s is the pulse which is used to (aiable the .steering 
ainplifii!!' in order to permit steering information to 
be dovclo[)ed for the steering relays. It is obvious 
from this .sequence of photographs that two condi¬ 
tions must be satisfied by' an echo. Fir.st, it is rieces- 







CHARACTERISTICS OF THE ELECTRONIC SYSTEM 


lOI 


sary that the echo have a level above background 
reverberation in order for the echo signal to pass the 
RiTiplitude gate. After passing the amplitude gatOj it 


is necessary that this echo signal have a frequency 
different from that of the backgroimd reverberation 
in order to generate a doppler pulse for enablement 
of the reeeiv'er. The echu-to-reverberation ratio 
which is required for enablement of the system is 6 
db at a reverberation lov'el of —90 dbv on the trans¬ 
ducer and the frequency difference between rever¬ 
beration and echo in order to generate an enabling 


pulse from the discriminator is fiO e. 


In Figure 1(5 a series of photographs of oscilloscope 
patterns illustrate the behavior of the steering re¬ 
ceiver. These photographs were made using an oscil¬ 
loscope and electronic switch which made it possible 


re.sponde<i to an echo from a target on the transducer 
axis, the modulation lobes would be of equal am¬ 
plitude. 

In C and D, of Figure 16, the signal appearing at 
pomt B, in Figure 11, which is the output of the 1-kc 
amplifier, is represented in the upper portion of the 
photograph. In Figure 16, C shows the signal ap¬ 
pearing at this point when the target is to the left 
of the axis, while D shows the signal at this point 
when the target is to the right of the axis. It is im¬ 
portant to note that the only difference between 
these two signals is their piiase relation relative to 
the 1-kc reference signal at the bottoms of the photo¬ 
graphs. 

At E and F the signals appearing at the output of 
the azimuth phase-sensitive detector, which Is point 


/■OllOr^ UP PPNPOLUPt asiLows 



to present two pattern.s on the face of a CRO simul¬ 
taneously. The iqiiier pattern is the pattern productKl 
by the signal which is lieing studied. The lower pat- 
te.rn is a 1-kc signal obtained from one; of the ter¬ 
minals of th(! 1-ke oscillator in f igure 11. This same 
reference signal is uscxl in all six of the ijholographs 
shown in Idgure 16. In A, of Figure 16, the upper 
signal photograph is an envelojre of a signal which oc¬ 
curs at pointed, in Figure 11, when (hesignal injected 
in the input circuit corresponds to that generatetl in 
the transducer when an echo is receivcid from a tar¬ 
get on the axis of the transducer. In Figure 16, R 
shows a photogra].)h of a signal at the same point 
when the signal is injected only at terminals 3 and 4 
in Figure 11 and the signal corresponds to that gen¬ 
erated in the transducer by an echo either (o the right 
or left of the axis of the transducer. If the signal cor- 


C in Figure 11, arc rcpres(mt(;d. At E the signal cor- 
resiKuids to that produced wlreii the target is to the 
left of the transducer axis while a( F the signal cor¬ 
responds to that produced when the target is to the 
right of the tran.sducer axis. In this case the signal i.s 
in the form of re(!tified pulses, the diffcu'cnce bc'Jiig 
that hi one case the pulses are po.sitive, while in the 
other case the pulses are negative. In normal opera¬ 
tion th(^ series, of pulses, occurring during receipt of 
an echo are averaged by nutans of the conden.ser (.16 
in Figme 11. For the purpose of making these photo¬ 
graphs, C6 was removed from th(; circidt so that the 
individual pulses could be observed more readily on 
the oscilloscope. 

AVhen the syst(;m is in normal operation the signal 
indicated at A and B of Figm’e 16 oiild appear, re¬ 
gardless of the level relative to background and re- 




102 


HARVARD UNDERWAlliR SOUND LABORATORY N0181 SYSTEM 


gardlefis of frequency differoiico between the signal 
and background. However, unless the requireiiKuits 
impose.d by the amplitude gate and the doppler gale 
arc met in the enabhng channel so that a suitable 
doppler pulse i« generated, the signals indicated in 
C, D, H, and F of Figure 16 would not be present 
b(;cause the enabling pulse is recpiired in order for 
the signal to pass the last stage of the 60-kc recei\ing 
amplifier. 


elevators. The voltage outputs from the centers of 
these potentiometers are fe.d to a conunon point 
through the resistors Rl, R2, and R3. The relative 
values of these re.sistors determine the relative im¬ 
portance of tile positions of the sliding contacts in 
the three potentiomiiters. The common point of the 
thrcH) resistors Rl, R2, and R3 is connected to the 
grid of the amplifier which controls the positioning 
of the vertical steering relay. 



Ftcvre 18. Relay circuits. 


19.11 CONTROL CIRCUITS 

There are two control conditions for the torpedo. 
The first is the search condition wh<;ro the torpedo 
circles in the azimuth plane and opcu’ate.s under hy¬ 
drostatic control at a fixed depth of about 225 ft. 
The direction of circling in the azimuth plane is de¬ 
termined by the last position of the azimuth steoring 
relay. The hydrostatic control system which controls 
the depth operation uses the circuit network shown 
in Figure 17. Pi, P2, and P3 are three potentiome¬ 
ters which arc connected to the two terminals of a 
floating 45-v battery. This battery is bridged to 
ground by tli<^ two resistors R4 and R5 so that its 
center is maintained at ground potential. The poten¬ 
tiometer P3 is operated by the pressnn? bellows, the 
potentiometer P2 is operated liy the penduliun, 
whereas the potentiometer PI is op<Taled by the 


Wtien an acoustic signal is received on the trans¬ 
ducer which satisfies tlie conditions for generating 
a pulse out of the enabling amplifier at point K in 
Figure 12, this pulse voltage is ai)i)licd to grid ter¬ 
minal 1 of V3 in Figure 18. V3 is an amplifier which 
controls a relay called the vortical transfer relay. 
The amplifier is a two-stage direct-coupled amplifier 
in which the first stag'e is used as a catliode follower 
and a time constant is introciuced in the output of 
this stage by means of the resistor R2 and the con¬ 
denser C2 so that when a signal is received on the 
grid teniiinal 1, the voltage generated on grid 4 will 
ho held sutfi<!iently long so that the relay will remain 
closed for about 3 sec. The contact 5 on this relay is 
connected through a 750,000-ohm resistor to grid 
tcnninal 1 of VI whicli is the vortical steering relay 
amplifier. Contact 6 on the vertical transfer relay 
connects to the common terminal of Rl, R2, and R3 
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in I’igure 17. When the vertical transfer relay is open, 
whic-h is true in the absence of echoes from a target, 
the grid of VI is connected to the out])ut of the hy¬ 
drostatic control network which vill tlion control the 
positioning of the vcrti(!al steering relay through the 
amplifier VI. When an echo is received from a target, 
the vertical transfer relay closes and contact 5 is 
connected to contact 4 which connects the grid 1 of 
VI to the vertical phase-sensitive detector. 

When the torpedo is under acoustic control, the? 
steering information arrives intermittently, so that 
it is n(!C(!Ssary that the steering rciiays hold in the 
position indicated by the last received echo until an 
ecdm arrives whicdi indi(iates that the position should 
be changed. This means that under acoustic-steering 
conditions, the st(!ering-relay amplifiers must have a 
holding feature. This feature is accomplished by 
iiKians of contacts 5 and 6 on both the vertical and 
azimuth steering relays. Whem the vertical steering 
relay is in the open position, contact 6 i.s comiocted 
to contact 5 which in. turn is connected to gromid 
through contacts T and 2 of the vertical transfer ro 
lay. This means that when the steering rcslays are 
open, the cathodes 3 of the steering amplifiers arc at 
zero potential rehitive to ground. Wlien the rolay.s 
are closed, however, the cathodes 3 of the steering 


relay amplifiers will be at a positive potential. This 
arrangement provides the holding feature for these 
relays. The holding fcaiture for tho vertical steering- 
relay amplifier oirerates only when the vertical trans¬ 
fer reday is closed. The rather long holding time for 
tho vertical transfer n^lay (;auses the system to steer 
in the direction of tho last-received echo in the ver¬ 
tical plane for about 3 see after the last echo of a 
series is reeeive<l. If no echoes are received during 
this interval, the vertical transfer relay drops open 
and the vertical steering relay is connected l;.aek to 
the hydrostatic control network which stecas the 
torpedo back to the original operating d(!f)th. The 
contacts 1, 2, and 3 on both of the .steering re¬ 
lays are the rudd(;r control contacts. Contact 2 on 
each of these relays connects to th(; 36-v terminal oi 
tho main motor running battery, Contacts 1 and 3 
each connect to one terminal of a field winding in 
the steermg motors which are provided with double 
field wdndings in order to make them reversible. By 
means of the holding feature in the stecuing relay 
systera.s the voltage required to change the relay 
from the closed to the open i)()sition or from the open 
to the clo.sod position is about 2 v,* 

“Hcp, references 1-3, 6, i4, 17, 20-27, 29-36, 38-44, and 62 
for additional material on topics in this chapter. 
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11 '^His device was devel()p(^d on a program cor- 
J- responding to the N0181 program in this coun¬ 
try. It was designed as an aircraft-launched, echo- 
ranging torpedo to be used against submarines with 
the gear mounted in a body 7 ft 4 in. long, 18-in. 
diameter, and weighing 590 lb. The operating speed 
is 12 knots with an operating time of 15 minutes. 


timing the transmitter, also applies the lime-varied 
gain [TVdj voltage to the re<!eiver and operates two 
sets of selector switches whh'h permits the informa¬ 
tion for depth steering and azimuth steering to be 
taken from altciruate pulses. The reo(;iver is a two- 
channel amplifier followed by a phase-sejrsitivo de¬ 
tector for comparing the phase of the signals sup- 



I’lGURF. I. Block diagram of the British Dealer system. 


The transducers and explosives are mounted in the 
head, the body contains the electrorn'(! gear, and the 
batt(;ry is mounted in the after setdion. A block dia¬ 
gram of the control is shown in Figure 1. 

The transducer a,ssemb]y con,si.st,s’ of two unit.s: the 
first serves as the? projector and the second as the 
receiver. The receiven section is divided into two por¬ 
tion.?, one for azimuth reception and the other for 
depth reception. The beam pattern is broader in 
azimuth than iii depth. The transmitter, eonsi.stmg 
of an oscillator driving a power amplifier, is actuated 
by a cani-operai(!d time base which, in addition to 


plied by the two amplifiers. By inetuis of the ab{)ve- 
mentionod .selector sw'itches in the; time base, steering 
in both azimuth and depth is permitted. Azimuth 
steering is accomplished l)y varying the relative 
s|jeeds of tivo propellers whicdi arcs operated by two 
separate propulsion motors. Depth steering is ac- 
(!ompli.shed by .sliding the main running battery 
Iwiekward and forward on a set of rails by means of 
a motor-driven .screw. Thti sc,arch plan is a descending 
helix of 50-yd radius,“ 

“ See I'cfnrence 66 for aclditional material on topics in this 
chapter. 
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21.1 INTRODUCTION 

T he results of experience with the Harvard Un¬ 
derwater Sound Laboratory [HUSL] device 
operating against echo repeaters and submarines in¬ 
dicated the desirability of making the following mod¬ 
ifications. 

1. The use of separate amplifiers for the enabling 
system and the steering amplifier. 

2. The use of time-varied gain [TVG] either in 
addition to or in place of automatic volume control 
[AVC]. 

3. A change in the method of securing the doppler 
notch from a circuit using a battery with no ground 
reference to an arrangement operating from a source 
of potential grounded at one end. 

4. Substitution of glide-angle control in the ver¬ 
tical plane for the on-off vertical steering. 

The features of the system which had proved 
especially valuable and w'ere retained are: 

1. The transducer and input circuit which per¬ 
mits transmission and reception with the same trans¬ 
ducer without switching. 

2. The use of the quadrature-switching system 
and phase-sensitive detectors making possible the 
handling of steering information for two-plane steer¬ 
ing in a single amplifier. 

3. The doppler-enabling system which effectively 
prevents steering on echoes reflected from the sur¬ 
face and from target wakes. It also allows use of a 
higher receiver sensitivity without danger of steering 
on bursts of reverberation. 

When the program on torpedo control was moved 
to the Ordnance Research Laboratory [ORL], a re¬ 
search program was set up to develop a new system 
employing all the advantages of the Harvard N0181 
system but incorporating such modifications as the 
experience gained in the Harvard NO 181 program in¬ 
dicated as desirable. At the same time it seemed de¬ 
sirable to develop this device as an anti surface-.ship 
torpedo. Since there was no assignment to incor¬ 
porate the system into any specific existing torpedo, 
the Mark 18 was chosen as a convenient one for the 


purpose of the necessary investigations. The first in¬ 
vestigation in this program used a Mark 18 torpedo 
equipped with a newdy designed transmitter capable 
of generating 1,500 watts of electric power and a re¬ 
ceiving system so set up that the self-noise level, the 
reverberation level, and the frequency spread in the 
reverberation could be measured. This device was 
designed purely as a research torpedo, with no in¬ 
tention of applying acoustic steering control to it. 
Since the Mark 18 torpedo is gyro-controlled and the 
beam pattern of the transducer is very narrow, a new 
system of azimuth search w’as incorporated. In order 
to make it possible for the torpedo to scan a rela¬ 
tively large angle, a special cam plate was made for 
the gyro with the cams placed 60 degrees apart. This 
causes the torpedo to operate on a snaky course such 
that the axis of the torpedo swings from 30 degrees 
on one side of the set course to 30 degrees on the 
other side. Tests run on the dynamics of this system 
at the Newport Torpedo Station indicated that the 
reduction in forward progress caused by the use of 
the ± 30-degree snaky course amounted to a little 
over 5 per cent. At the time of writing, the data 
are not complete on the reverberation level and the 
frequency spread in the reverberation. However, 
the self noise of the torpedo has been measured at 
an operating speed of 20 knots. The value is about 
5 dbs which corresponds to a signal of —127 db re¬ 
ferring to 1 V [dbv] on the transducer when the re¬ 
ceiving band width is 4 kc. When these data are 
complete for a series of torpedo speeds, it will be 
possible to determine the minimum component of 
target speed parallel to the axis of the torpedo which 
wall need to be used for enabling of the steering am¬ 
plifier at each torpedo speed. 

Figure 1 shows a block diagram of the overall sys¬ 
tem as w'orked out for project 4G. In this case the 
steering amplifier is completely independent of the 
enabling amplifier except for the enabling signal 
wliich is supplied to enable the demodulator. The 
amplitude gate is no longer included as part of the 
doppler-enabling system since this former arrange¬ 
ment caused the time constant of the amplitude gate 
to be added to the time constants of the discrimina- 
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tor filter. The amplitude gate is incorporated as part 
of the steering amplifier and is actuated by the signal 
present in the steering amplifier circuit. In order to 
enable the system, it is necessary for a pulse to be 
developed out of the enabling amplifier at the same 
time that a pulse is developed in the steering am¬ 
plifier which can give rise to an amplitude gate pulse. 


tranisformer through a 0.01-/nf condenser instead of 
to one end of the low-impedance winding. 

21.3 TIME BASE 

The time base employed in this .sy.stem is a set of 
four cam-operated smtches. The cams for these 
switches are mounted on a .single shaft which is 
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Fiouke 1. Block diagram of ORL project 4 system. 


21.2 TRANSDUCER AND INPUT 
CIRCUIT 

The transducer u.sed is the .same as that used in 
the Harvard N0181 sy.stem. Figure 4, Chapter 19, 
shows the pattern characteristics of a typical trans¬ 
ducer when high power is generated in the trans¬ 
mitter. The.se tran.sducers have been used with a 
high-power transmitter over quite long periods and, 
although they are eventually reduced in sensitivity 
because of depolarization of the magnets, the life of 
the transducer is adequate for all practical purposes. 

The input circuit is nearly identical with that used 
in the Harvard N0181 system .shown in Figure 5, 
Chapter 19. The only change is in the turns ratio of 
the input transformers, making it possible to obtain 
a voltage step-up of 30 db instead of the original 20 
db, and the 90-degree line is connected to a 1/4 tap 
on the high-impedance winding of the transmitter 


driven by the torpedo propulsion motor. Two of the 
cams operate the tran.smitter, the receiver blanking 
and the receiver T VG; one is u.sed to operate the own- 
doppler nulUfier [ODN] relay and one is used as a 
range-measuring cam to control the range at which 
vertical steering takes place. Figure 2 shows sche¬ 
matically the .sequence of events controlled by the 
time ba.se. 

21.4 TRANSMITTER 

The schematic of the transmitter circuit is shown in 
Figure 3. VI is a 6SN7 tube, one-half of which is used 
as the transmitter o.scillator and the other half of 
which is u.sed as a buffer stage. The frequency-deter¬ 
mining element in the o.scillator system is the induct¬ 
ance LI and the condensers Cl and C2. V2 is a 
6SN7 tube used as a push-pull amplifier to drive the 
grids of the driver stage V3. The grids of V2 are 
driven 180 degrees out of phase with each other by 
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means of the toroidal coil L2. V3, V4, and V5 are all 
829B power tubes. V3 serves as the driver stage, V4 
and V5 serve as the power output stage. The trans¬ 
former T1 is the driver transformer used to match 


delivers 1,500 v direct current to charge a bank of 
condensers. The charged condensers serve to supply 
the 1,500 V at the center tap of T2 and 750 v for the 
screen supply for V4 and V5 as well as the plate 



Figure 2. Sequence of operations in the time ba.se. 


the plate circuits of V3 to the grid input of V4 and 
V5. This transformer is identical with the trans¬ 
former T2 which is the power-output transformer 
which forms a part of the input circuit. (See Figure 


and screen supply for V3. The schematic of the 
transmitter power supply is shown in Figure 4. The 
condenser Cl is a storage condenser of SO-^f capaci¬ 
tance which supplies the high plate current for the 



5, Chapter 19.) The plate supply for VI and V2 is 
taken from the receiver power supply which consists 
of a 48- to 300-v motor-generator. The power sup¬ 
ply for V3 and V4 is a special motor generator which 


plate circuit of the transmitter during the 30-msec 
transmission interval. During the listening interval 
Cl is charged from the 1,500-v d-c generator through 
the resistor R1 which prevents an excessive load be- 











108 


ORDNANCE RESEARCH LABORATORY PROJECT 4 SYSTEM 


ing thrown on the generator during and immediately 
following transmission. 

The relay in Figure 3 and the relay in Figure 4 
are operated by cam switches in the time base. The 
relay in Figure 4 completes the circuit for the trans¬ 
mitter power supply and actuates the plates and 
screens of V3 and V4. The relay in Figure 3 actuates 
the plate circuit of the oscillator by connecting the 
plate to the power supply. In addition, the relay in 
Figure 3 connects the blanking voltage to the r-f 
amplifier in the steering receiver and it also connects 
the proper voltage to the TVG control circuit in the 
receiver. 


stant during the interval of the pulse. Except for the 
rounding of the corners of the pulse envelope at the 
beginning and end of the pulse, the major portion of 
the top of the pulse envelope is nearly flat. 

21.5 STEERING RECEIVER 

The steering receiver used in this device is quite 
similartothat used in thellarvard NOlSlsystemand 
is shown in Figure 5. The same four-channel switch¬ 
ing system controlled by a local 1-kc oscillator gener¬ 
ating signals with relative phase relations of 0, 90, 
180, and 270 degrees is used. Because of some im- 


/?/ 



/SOO V DC 
GeAf£/?ArOR 


Figure 4. Transmitter power supply and pulse-tailoring circuit. 


In order to reduce the frequency spread in the re¬ 
verberation,.so me pulse-shaping is incorporated in the 
transmitter .system. This is accomplished by means 
of the inductance LI and the capacitance C3 and 
the fact that the relay in Figure 3 is not operated 
simultaneously with the relay in Figure 4. At the 
beginning of the pulse these two relays are closed by 
their re.spective cams at the same time. Because of 
the slight delay in build-up of the transmitter oscil¬ 
lator and the effect of the inductance LI in series 
with the transmitter power supply, the front of the 
pulse envelope is rounded both at the top and the 
bottom. The relay in Figure 4 is opened a few mil¬ 
liseconds before the relay in Figure 3 so that the 4-/if 
condenser C3 serves as the source of power to operate 
the transmitter during a short interval. This causes 
the output of the transmitter to gradually decrease, 
and it is finally stopped when the relay in Pfigure 3 
opens, stopping the transmitter oscillator. In addi¬ 
tion, the inductance LI in Figure 4 helps to make the 
power output of the transmitter more nearly con- 


provement in design of the band-pass filter and a 
change from 6SG7 tubes to 6AK5 tubes for the 
switching tubes, the gain in the switching tubes has 
been increased from about 12 to about 30 db. The 
output of the 60-kc band-pass filter is fed to the two- 
stage amplifier VI and V2 in Figure 5. VI is a re¬ 
sistance-coupled stage whereas V2 has a 60-kc band¬ 
pass filter identical wdth the one in the output of the 
switching tubes for its output. The 60-kc signal with 
the 1-kc modulation is fed to the demodulator V3 
which is a grid-controlled rectifier. The enabling 
pulse from the amplitude gate and the doppler gate 
are applied to the grid of V3 which is maintained at 
a d-c potential of about — 22 v relative to the cath¬ 
ode. The 22-v bias on V3 is sufficient to make it non¬ 
conducting for any signal from the 60-kc channel. 
However, the pulse which is supplied from the dop¬ 
pler pulse amplifier, when added to the pulse sup¬ 
plied from the amplitude gate pulse amplifier, is 
sufficient to overcome this bias on receipt of an echo 
of the proper level and having the proper frequency 
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diffcreiic.e from that of tho r(5vcrl)eration to satisfy 
the criteria set up in th(i oiial)liiig receiver. 

In the Harvard N0181 device tiie amplitude gate 
was iiic.orporated in the enabling receiver so that the 
time constant of the amplitude gat(5 circuit had to be 
overcoiiK', J)efore a signal could be applied to the dis- 
eliminator driver. The time constant of the ampli¬ 
tude gat(! and the time constant in tin; filter of the 
discriminator wore, therefore, cascaded. In this sys¬ 
tem the amplitude gate is ojierated by the signal in 
the 60-kc chanind so that the time constant of the 


the AVC is to prevent the device from steering on 
noise coul^termeasur{^s, since, it is possible for the 






signal 


from both the doppler gate and the amplitude gate. 

Figure 6 shows the TV(i-AVC and the blanking 
arrangenKints for tho rec-eiver. When the switch in 
the timi! base ofierates the relaj^ in the transmitter 
indicated in Figure 3, two of these contacts in the 
relay supply voltages whiidi are introduced in tho 
TVd-AVC circuit of Figure 6 at the points labeled 
blanking voltage and TVG voltage. The blanking 


amplitude gate has no effect on. the time of apfienr- vmltage used is —48 v which is the d-e voltage avail- 
ance of a pulse from the doppler enabling channel, able from the power supply for oiieration of the fila- 


ea/ifc 



Olieration data obtained with the Harvard N()181 
system iiidicatiid that, unden- soiik', (Conditions of op¬ 
eration, the AVC control of amplihc'r .sensitivity was 
not suincieut. To correct this defect, the sensitivity 
control of the stages VI and V2 in the GO-kc ampli¬ 
fier i.s furnished by a combination of TVG and AVC, 
.so arranged that the AVC control can be eliminated 
by means of a switch. An important cliaracteri.stic 
of a doppl(',r-eoiitroll(',d d(n-i('.c is tho facd that the re- 
quireimnits of the sensitivity control system are not 
so rigorous as tlu'.y are with a devic.e which does not 
have the d{)i)i)l(n-cnabliiig f(5aturc. It is therefore 
possible, to design the, TVG control for opc^rathig 
conditions wlua’o the rewerberation levt'ls are a mini¬ 
mum and even without tho use of AVC Ihe, revor- 
bcM’ation will not cause false ste(uing. The purpose; of 


meiits and solenoids in the system. The TVG voltage 
whhih will be applicHl to tlie terminal in Figure 6 
lalxded TVTl voltage is a lowe'.r negative voltage;, the 
optimum value of which has not yet been de;tcr- 
rain(;d, but a v'alue in the neighborhood of — 10 volts 
will be, used. During the time of the transmitted 
pulse; a small current flow will lake; i)la(;e through Til 
becau.se of the diff(’,r(;u(‘e in voltage impressed at its 
two ends. However, the; condenser Cl will be; charged 
to the potential of tho TVG voltage and the grids of 
the 60-ke amplifier will be; maintained at — 48 v 
durmg tlie transmission interval. Following trans¬ 
mission, the grids will very quickly take tlie poten¬ 
tial to which Cl is charged, and if the switch *8 is 
plae^exl in the 1 position, the conde;iiser will di.scharge 
through the 1.2-inegohra resistor R2. It i.s the dis- 
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charge of the condenser Cl through the, irjsistor R2 
which produces tiie time; vuiriaiion iu bias on tlie 
grids of the 60-ke amplifier resulting in the time vari¬ 
ation in gain. The AVC feature is acliieved l)y means 


.signal is receiv ed on terminal 1 of the diode from the 
G0-k(; amplifier, the facit that this signal (diargcis C3 
to a potential determined by the peak value of the 
60-kc signal will determine the value of voltage-drop 


ro Of 


oor/’i/r Of 


voiTfee 

TVS 

Volt^gs 



of the GALfi diode. Signal from the output of the 
60-kc amplifier is appli(!d to terminal 1 and i.s nsc- 
tified in the 1-7 sec’tion of the diode, charging the 
condenser C3. If the switch 6’ is in the 2 po.sition, the 


across R5 and will therefore affect the discharge of 
the cond<;nser Cl. When the voltage; druj) acros.s R5 
due to the rectified signal from the 60-kc channel 
reaches the value of the potential of the conden.ser 



Figuke 7. Amplitude gate and doppler-pulse amplifier. 


condenser Cl discharges by way of thej 5-2 section of 
the diode, through the; resistor R4 and the resistor 
Ro. The value of R4 -f- R5 i.s equal to R2, so if no 
signal is received on terminal 1 of the diode from the 
60-kc channel, the rate of di.schargc of the condenser 
Cl will be the same if the switch S is in the 2 position 
as it would be if S is in the 1 position. However, if a 


Cl, Cl will stop discharging and the pot(;ntial on the 
grids of the 60-kc amplifier will remain constant or 
decrease at the rate of decrease of signal from the 
output of the; 60-kc amplifier. The resistor R3 forms 
the completion of a path aroimd the 2-5 section of 
the diode so that the condons(;r Cl can be charged 
at a very .slow rate from the rectified signal from C3. 
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The time constant of the Cl, R3, R4 network is be¬ 
tween 4 and 5 sec so that a 60-kc signal of very high 
level would be necessary to produce any appreciable 
charging of the condenser Cl by way of the AVC 
network during a normal listening interval. 

Figure 7 shows the details of the entire amplitude 
gate circuit and the pulse amplifier for the doppler 
enabling pulse. VI is a 6SN7 tube, the 1-2-3 section 
of which is used to rectify a signal from the output 
of the 60-kc amplifier. The rectified signal is fed to 
the grid of the 4-5-6 section which serves as a d-c 
amplifier of the rectified voltage output of the 1-2-3 
section. It is important to note that there is no con¬ 
denser coupling between the rectifier and the d-c 
amplifier. This means that the output of the d-c am¬ 
plifier will be the same v/hether the .signal supplied 
from the 60-kc channel is a steady signal or a pulse. 
The resistor R4 is the plate load resistor for the pulse 
amplifier portion of VI. The point PI between R5 
and R7 is maintained at a definite d-c potential in 
the absence of signal from the 60-kc amplifier which 
is determined by the fact that Rl, R2, R3, and R7 
are all returned to — 48 v and R4 is returned to the 
-|-250-v power supply. 

The 1-2-3 section of V2 is a grid-controlled recti¬ 
fier which serves as the demodulator of the 60-kc 
signal which is applied to the cathode terminal 3. 
The d-c potential at the point PI contributes to the 
negative bias maintained on terminal 1, the grid of the 
demodulator. The negative bias maintained on ter¬ 
minal 1 of the demodulator in the absence of .signal 
is — 22 v which is determined by the potentials of 
the points PI and P2. This negative bias on the de¬ 
modulator is sufficient to prevent passage of any 
signal arriving in the 60-kc channel. When a .signal 
is received in the 60-kc channel, the potential of PI 
is made more positive because of the action of VI. 
If the 60-kc signal is a steady-noise signal the effect 
which it will have at PI vrill depend on whether the 
smtch in the TVG-AVC circuit of Figure 6 is set in 
the 1 or the 2 position. If it is set in the 2 position 
and steady continuous noise is received, the AVC 
action will prevent the rise of signal in the 60-kc am¬ 
plifier to sufficient level to bring the demodulator 
near to the point of conducting. When an echo is re¬ 
ceived with the receiver under normal TVG control, 
the echo will have a level such that a pulse of voltage 
of a duration equal to the length of the echo will be 
produced at PI. This pulse of voltage will be suf¬ 
ficient to overcome a part of the — 22-v bias on 
terminal 1 of V2. If the echo is from a moving target, 


a pulse will be generated from the enabling amplifier 
which will be amplified in the 4-5-6 section of V2 and 
this ])ulse voltage, added to that generated at PI, 
will be sufficient to overcome the bias on terminal 1 
of the demodulator. The voltage capabilities of the 
two pulse amplifiers, the 4-5-6 sections of Vl and V2, 
are such that one alone cannot generate a sufficient 
voltage to overcome the full bias on the demodulator 
grid. It is therefore necessary that a pulse be gen¬ 
erated in the enabling amplifier as well as in the 60-kc 
steering amplifier in order to overcome the bias on 
the demodulator. This arrangement achieves the 
criterion of requiring an amplitude pulse and a fre¬ 
quency difference between the received pulse signal 
and the reverberation in order to enable the system. 
If it is desired to operate th.e system as a noise-steer- 
ing device, the switch S in Figure 7 can be turned to 
the 2 position. This results in eliminating connection 
to the doppler-enabling channel and at the same 
time, by proper selection of R13, lowers the bias on 
the grid of the demodulator to a value which can be 
overcome by the potential developed at PI due to a 
noise signal. 

Figure 8 shows the schematic of the 1-kc amplifier 
and the two phase-sensitive detectors. The 1-kc am¬ 
plifier uses a tuned plate load and is identical with 
the one used in the Harvard N0181 system. The 
phase-sensitive detectors have been simplified some¬ 
what from the original Harvard N0181 arrangement. 
The new arrangement uses only one double diode for 
each pliase-sensitive detector instead of two. The 
output of the 1-kc amplifier is connected to the phase- 
sensitive detectors through the condensers Cl and 
C2 and the resistors Rl, R2, R5, and R7. The acti¬ 
vating .signals from the 1-kc switching oscillator, 
which is the same oscillator indicated in Figure 5, 
are fed to the phase-sensitive detectors through the 
resistors R3, R4, R6, and R8. The output of the 
phase-sensitive detector V2 is a d-c voltage which 
compares the signal input on the terminals marked 
UP and DN in Figure 5. If the signal on UP is larger 
in magnitude than that on DN, the d-c voltage ap- 
pp9.riiig on terminals 5 and 7 of V2 will be positive; 
or if the signal on terminal DN is larger than the 
signal on terminal UP the d-c output voltage on 
terminals 5 and 7 of V2 will be negative. The magni¬ 
tude of d-c voltage appearing at the output of the 
phase-sensitive detector increases with increasing 
target angle until the limiting value of the phase- 
semsitive detector output voltage is reached. This 
limiting value of output voltage is determined by the 
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voltage of the 1-kc switching oscillator. The hori¬ 
zontal phase-sensitive detector V3 functions in the 
same way as the vertical phase-sensitive detector ex¬ 
cept that its output voltage is determined by the 
relative levels of signal on the terminals RT and 
LFT in Figure 5. 

21.6 ENABLING RECEIVER 

The enabling receiver shown in Figure 9 is similar 
in its principle of operation to the one used in the 
Harvard N0181F. It,however,uses anamplifierwhich 
is entirely independent of the steering receiver am¬ 
plifier; there is no sensitivity control and the ampli¬ 
tude gate is not included in it. The signal for the en¬ 


and the second stage uses a 7-kc tuned circuit as the 
amplifier plate load. Following this tuned amplifier 
is the discriminator driver. The discriminator driver 
is operated with a positive bias on the cathode which 
is sufficient to bias the tube beyond cutoff. The value 
of the bias used determines the level of signal on ter¬ 
minal 1 of the input circuit shown in Figure 5 of 
Chapter 19 which will cause a signal to be first ob¬ 
served in the plate circuit of the discriminator driver. 
The discriminator driver also serves as the limiter 
stage in the system. The resulting gain is such that in 
normal operation there is about a 6-db difference 
between the signal level on terminal 1 which pro¬ 
duces a just perceptible signal in the plate circuit of 



Figure 8. 1-kc amplifier and phase-sensitive detectors, (Note: Pin numbers of V2 and V3 are 1, 
with the lower left-hand cathode and going clockwise.) 


2, 5, and 7, starting 


abling amplifier is taken from terminal 1 of the input 
circuit indicated in Figure 5 of Cliapter 19. The first 
stage of amplification operates at the normal signal 
frequency of 60 kc. This stage uses an inductive load 
in the plate circuit of the tube. The output of this 
stage is coupled to the grid of the converter stage 
through a 0.0001-yuf condenser. This arrangement al¬ 
lows for a voltage gain from the input of the 60-kc 
amplifier to the grid of the converter stage of about 
30 db at 60 kc, while at 7 kc, which is the frequency 
to which the signal is converted, the gain from the 
input of the 60-kc amplifier to the grid of the con¬ 
verter is about —8 db. All of the tubes used in the 
amplifier and converter stages are 6AK5 miniature 
pentodes. The 7-kc band-pass filter which serves as 
the plate load for the converter has been redesigned 
so that the conversion gain is considerably increased 
from that available in the Harvard N0181 system. 

Following the converter is a two-stage ampliher. 
The first stage of the amplifier is resistance-coupled 


the discriminator driver and the signal level which 
produces complete limiting in the discriminator 
driver. This entire amplifier, from the input circuit 
to the discriminator driver, has one stage less of 
amplification than was used in the original HUSL 
NO 181 enabhng system. At the same time it can be 
operated so that a signal of —125 dbv on the trans¬ 
ducer will produce complete limiting of the discrim¬ 
inator driver. In the Harvard NO 181F system, limiting 
of the discriminator driver took place at a signal level 
on the transducer of —105 dbv. It would be possible 
to operate this amplifier so that limiting takes place 
at a signal level of —136 dbv, if it could be used in a 
torpedo of sufficiently low noise level. 

The discriminator terminals 1 and 2 of Figure 9 
are connected to the two diodes Vl and V2. By means 
of these two diodes and the diode V3, the output at 
the terminal P will be positive regardless of the po¬ 
larity of the signal out of the discriminator, and 
therefore, regardless of whether the echo signal has 
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a higher or a lower frequency than the reverberation 
signal. The potential generated at P is amplified by 
means of the pulse amplifier which is incorporated 
in the steering receiver and shown in Figures 5 and 
7. The condensers C5, C6, C7, and C8 and the re¬ 
sistors R5, E,6, and R7 of Figure 9 form a filter in 

TTrV>il^ 

yjLx\j oxvAVy uixv^ vxxov-xxxiixxiaiuc/x C/XiC/Uil;j tvxillC CUll“ 

densers C9, CIO, Cll, and C12 and resistors R8, R9, 
RlO form a filter in the other side of the discrimina¬ 
tor circuit. These filters are identical with the filter 


plays the role of var 5 dng the effective value of the 
condenser C14 in the tank circuit of the oscillator by 
means of the potential applied to the grid 4 of V4. 
The relay is operated by means of a cam-operated 
switch ill the time base, which is so arranged that 
this relay is closed for about 50 msec immediately 
following transmission. However, in order to prevent 
sampling of the discriminator output, during receipt 
of an echo when the torpedo is near enough to a tar¬ 
get so that an echo is received during this 50-msec 


DISCRIMINATOR 



Figure 9. Doppler-enabling circuit. (Pin numbers of 6SN7 are 3, 1, 2, 5, 4, and 6, clockwise from lower left-hand 
cathode.) 


which was used in the discriminator circuit in the 
Harvard N0181F system. The relay indicated serves 
to connect the output of one side of the discriminator 
to the grid 4 of V4, during an interval of 50 msec 

+ i»o •Tiorvnooi/rri 
1 V/XIV/ »» AXX^ 1/1 CVXXOXlXXOOXV/11. 

The 1-2-3 section of V4 is the local 53-kc oscillator 
which supplies signal to the screen of the converter 
stage. The automatic frequency control, which ad¬ 
justs the oscillator frequency so that the output of 
the converter will be at the frequency of the dis¬ 
criminator center when reverberation is the source 
of signal, is accomplished by means of the 4-5-6 sec¬ 
tion of V4 with the varistor VR. This arrangement 


period, one side of the relay coil is connected to its 
source of potential through a contact on the echo 
relay which will be described in the next section. By 
arranging the switch, operated by the time base so 
that it simply connects the other side of the relay 
coil to ground, the arrangement insures that the 
relay will be closed during the entire 50-msec pe¬ 
riod providing no echo is received, but immediately 
on receipt of an echo signal the circuit between the 
one side of the relay coil and the 48-v power supply 
will be broken and the ODN relay will drop open. 

Since this circuit is entirely independent of other 
parts of the electronic system, except for the furnish- 
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ing of the enabling signal to the pulse amplifier in 
the steering chassis, it is possible to completely re¬ 
move this enabling receiver from the other gear and 
have the rest of the device operate without doppler 
enabling providing a readjustment is made on the 


21.7 RELAY CONTROL CIRCUIT 

The details of the relay control circuit incorporated 
in the control panel are shown schematically in Fig¬ 
ure 10. The following four relays are used. 



Figure 10. Control circuits. 


value of the bias on the demodulator. This is pro¬ 
vided for by the switch shown in Figure 7, which 
makes it possible to use the steering receiver as an 
echo-ranging receiver without doppler control or as 
a noise-steering receiver in addition to its normal 
method of operation. 


1. An echo relay which is actuated during the 
time of receipt of an echo. 

2. An enabling relay which is actuated by the 
echo relay, but which remains closed for a period of 
about 6 sec following the last echo of a sequence. 

3. An azimuth steering relay which is positioned 
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by the iiifornitition supplied by th(5 azimuth phascv 
sensitive detector. 

4. The vertical steering relay which is positioned 
by the hiformation last received from the vertical 
phas(!-seiisitive detector. 

The following is a d(5SCiiption of the operation and 
functions of the four relays! 


21.7.1 Echo Relay 


The echo-nday amplifier is operated l)y the signal 
wliK^lx oil I'^G of cl{)iii()d.*i.l£Lit()r oiiowix 

in Figure 5 which is normally maintained at — 22 v 
relative to ground. This potential serves as the; ne¬ 
cessary bias for the grid of the echo-relay ampli¬ 
fier, The 2-.5 section of the; diode VI shown in the 


Figure 10 is placed in series with the grid of tin; echo- 
relay amf)lifi(!r to provide, with the resistor Tbl, a 
fast-charge slow-discharge circuit for the condenser 
Cl. R1 and Cl provide a small holding-time con¬ 
stant to delay somewhat the; opening of the echo 
relay following receipt of an echo. This delay is 
necessary because of the fact that this relay oi)erates 
the glide-angle (!ontrol solenoid in the afterbody and 
when vertic-al steering takes place, it is nec<!sstiry to 
hold the glide-angle control solenoid actuated for 
sufficient time to allow the glide-angle control motor 
to comijloto a portion of its operation, Tlie details 
of this will bo described in the next section covering 
the functions of th(! afterbody circuits. 

The glide-angle control sohiiioid is operated by 
th(! 2-3 contacts of the echo relay and provision for 
the removal of the OJDN frequency correction, when 
an echo is re(!eivcd during the 50-m.sec ODN sam¬ 
pling period, is provided by the No. 1 contact. This 
is accomplished by the fact that the ODN relay coil, 
.shown in Figure 9, is connected to the — 48-v supply 
via contacts 1-2 of the echo relay when this relay is 

_ 13_ ..c i_i-„ xi.:_ 

ui a,ii tjcuw iiiiiiiyLiiiiiyiy urtJHKc> mis 

contact permitting the ODN irday to drof) open. 

The 5-6 contacts, on the echo nday serve to con¬ 
nect the azimuth phase-sensitive detector to the grid 
of the azimuth steering-relay amplifier during the 
time an echo is Ixaiig rccc,iv(!d. When the echo relay 
is open, the 5-4 conta(!ts connect this steering am¬ 
plifier grid to the azimuth automatic rudder-reversal 
cir(!uit which will be describc.d later. Opcaiing the 7-8 
contacts allows a 48-v surge to flow via R4 and the 
1-7 section of the diode VI to charge the, condenser 
(12 and cause the enabling relay to oixai. The dis¬ 
charge of C2 through R3 and the 7-8 contacts of the 


echo relay provide tin; holding time required for the 
enabling relay. Th(', components indicated in the 
hinire rirovide a boldine' time of about .5.7 .sec. 

— rj— — .... ... ... 

21.7.2 Enabling Relay 

The normal (condition of th(', enabling relay is 
clo.sed. (Jlosing of the echo relay results in grid ter¬ 
minal 4 of V2 being driv(!n n(!gative; which causes the 
enabling relay to op(!n. The relay is held open for 
about 5.7 sec, in tin; abs(!nce of further echoes because 
of the time (constant of C2 and R3. The 1-2 contacts 
on tills relay are invoiv(;d in the azimuth automatic 
ruddor-rev<3rsal feature to be described later. The 
contacts 4-5 connect —48 v to the c,oil of a r(!lay in 
the afterbody which sets up the circuits in tin; aft(!i- 
body for acoustic control. 4die, contacts 8-9 connect 
— 48 V to the glide-angle (vmtrol solenoid, wh(!n this 
relay is in the normal (dosed condition, in order to 
Iiermit the glide-anghj control to b(! r(!turnod to the 
neutral jiosition after an attack has be(!n broken off. 

21.7.3 Vertical Steering Relay 

The 1-2-3 section of V3 is the vertical stooring- 
relay amplifier. It re(!eives its signal dircictly from 
the vertical phase-sensitive detector. Contacts 1, 2, 
and 3 permit (lonnecfting one t(;rminal of the glide- 
angle control motor to either — 48 v or ground. Since 
the oth(!r terminal of the motor is connected to —24 
V, the position of this relay determines the direction 
of rotation of th(; glid(!-anglo control motor. Opera¬ 
tion of the glid(!-angl(! control motor is determined 
by the echo relay, the enabling relay, and a range¬ 
measuring (!ani in the time base. TIk; d(!tails of tliese 
circuit arrangements will be described in the next 
section. The 5-6 contacts on the vertical steering re¬ 
lay provide a holding feature by grounding the junc¬ 
tion of Rll and R12 wh(;n th(! relay is closed. By 
m(!aiis of this holding f(!ature the relay can be made 
to open on a — 2-v signal on the grid of the amplifier 
and close with a -f-2-v signal on tire grid and it will 
retain its last position until a .suitable .signal arrives 
to change it. 


21.7.1. Aziinuth Steering Relay 

The azimuth steering-relay amplifier is connected 
to the aziinuth phase-sensitive detector by way of 

XU- r _X x„ -r xU- -_U_ i '■pl.:.1. 

me o-u eumauis ui me euiiu reiay. iiiiw reiMy iiiiipii- 
tier has the same sensitivity and holding feature as 
is incorporated in the vertical steering relay with the 
8-9 contacts on the relay used to control the holding 
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feature. The autoiiiati(; rudder reversal feature of the 
azimuth steering syst(!m is anaiig(!d through the; 


steering contacts which pro\ode for —48 v to be con¬ 
nected to one or the oth(?r of the azimuth steering 
sohmoids. Th(! ground return for these sohmoids is 
provided through the relay in the afterbody wlrich 
is operated by the enabling relay. Bciforc the first 
echo is received, it is impossible for the solenoids to 
b(! operated by tin; azimuth nday. When an echo is 
received, the closing of the enabling relay provides 
for connocition of tii6 ground roturn froiii tlio soloiioid 
so that the azimuth steering relay takes over control 
of the azimuth steering from the gyro. The gjrro lock- 
off feature in the afterbody provides for permanent 
ground return of the solenoids after a series of about 
ten echoes has been recei\a;d. When this has been 
accomplished the; azimuth stecuing relay will retain 
control of tin? azimuth steering regardless of whether 
echoes are being rec(uv(id or not. 


21.7.5 Azimuth Automatic Rudder- 
Reversal Feature 

Assume that the; torpedo is stcasring to starboard, 
the azimuth rudder relay is down, and the torpedo is 
in an attack. Under these conditions —48 5' are con¬ 
nected through the 3-2 contacts of the azimuth steer¬ 
ing relay and the 2-1 contacts of the enabling relay, 
and Bo and 112 to the terminal of the condenser 
C3. While the eidio relay is open, C13 is connected 
through the 4-5 contacts of this echo riday to tin; 
grid of the azimuth steering relay. When the con¬ 
denser C3 arriv(is at a sufficicmtly in^gativc; potential 
( — 2 v) th(! azimuth stiawiiig relay will bt; thrown 
open, causing the torpedo to steer to port. The same 
seiiuence would be carried out if the azimuth relay 
had originally been open except that, in this case, 
t(!rmiiiai 2 of the azimuth relay would be connected 
to the bleed(!r circuit R18 and R19 which suiiphes a 
po.sitive potential with which to charge C3, which 
would cause the relay to close when C3 arrives at a 
potential of -1-2 v. The action of the 8-9 contacts on 
the echo relay is to discharge C3 through R2 each 
tiuKi ail echo is received so that the rudder reversal 
can take place oidy when an attack breaks off. Since 
C3 is charged through the 2-1 contacts of the en¬ 
abling relay the rudder reversal must take place dur¬ 
ing th(! holding time of this relay. Since only one re¬ 
versal is desired wlnm an attack hr(;aks off, the time 
constant of the ruddcr-riiversal circuit which is dc- 


tiumiiK^d by C3, R5, and 116 must be more than half 
the holding time of the enabling relay, and to insure 

■b 1 •ffiTz’mne rtrxn fb fi n Twin.’"!" 

I.1IC5 icvdf^c'Ai. utt rv 111 pKA*., eiit:; Ptm n iii«.4m. 

less than the holding time of the enabling relay. 


21.7.6 Sequence of Events in an 
Attack when an Echo is Received 

The echo relay drops closed and remains closed 
for sm^mal millisfsconds after the, end of thi; echo. 
The azimuth and vertical steering relays take up 
settings vviiiiih are deteriiiiTied hy the outputs of the 
azimuth and vertical {ihase-seiisitive detector.s. The 
vertical steering relay will not he able to exert control 
on the glide-angle control system unless the range is 
less than 250 yd, since; the; actuation of the glide- 
angle control sokuifiid by the echo relay is accom- 
plishi'd by way of a cam-operated range switch in the 
time base. The azimuth Hilay will immediately take 
control of the azimuth steering from the gyro and 
the gyro lock-off motor will start. Three .separate 
pos.sible cases will be considered. The first possibility 
is that only one or two echoes are received and the 
range is greater than 250 yd. Under this condition, 
no vertical steering takes place. After the last echo, 
the azimuth rudder relay will hold for about 4,5 sec, 
w'hon the rudder will reverse, causing the torpedo to 
start to recToss the beam. However, at the end of 
about 6 sei' following the last echo, the enabling relay 
will drop closed and return the torpedo to gyro con¬ 
trol. The second possibility is that a series of ten or 
more echoe.s are received so that the gyro lock-off 
motor has completed its cycle. The; action will be th(3 
same as before, except that after rudder re.versal the 
torpedo w'ill continue to circle in tin; diriaition d(;t(!r- 
miiied hy the rever.sed-rudder relay position. The 
third po.ssibility is that a series of echoes have Iseen 
received for a sufficient time to cause the gyro lock-off 
to coiiijiiete its (jycile and the attack ha.s carried the 
torpedo into the rangi; where, vertical steering can 
take place. The glide-angle control functions to allow 
the torpedo to correct its course by about 1.5 degrees 
in the vertical plane each time an echo is received 
within the 250-yd vertical steering range. If the tor¬ 
pedo l().ses contaert with the target, it will continue to 
climb at the cliinf) angle determined by the last set¬ 
ting of the glide-angle control until the enabling relay 
drops closed; t.e., until about 6 ,sec after receipt of 
the last echo. After this, the glide-angle control will 
be returiK'.d to its initial neutral position by one in- 
crimicnl of angk; in (;ach ping interval. In the mean- 
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lime, the azimuth rudder reversed after a lapse of 
4,5 sec from tlie last-received echo. Since the glide- 
angle control r(!turn takes place in incr('m('ntK, the 
torpedo will hav(! a (ihauce to reverse it.s course and 
sweep across the beam before it has a chance to re¬ 
turn to its hydrostatic; running depth. Tf the; loss of 
cotilact o(;(,;urs at a point very close in, there; is a 
chanoo that the automatic rudd(;r-reversal feature; 
will cause the torpedo to strike the target in .spite of 
loss of acoustic contact. 


2i.« CmCXITS IN THE TORPEDO 
AFTERBODY 

Figure 11 shows the circuit airangements for tlie 
afterbody of the torpedo. The circuits are arranged 
for tin; use of generator ])ovver suppli(;s located in thi; 
afterbody. The time ba.so is operated as a system of 
cams driven by the main motor shaft and is indicated 
in th<' figure as the c.ams Cl through C4. The azi- 



Thc- time constants given for the automatic rudder 
reversal, the holding of the enabling relay, and the 
gyro lock-off are not nec(;.s,sarily the value.s which will 
(;ventually be used, .sinci; th(;ir value will hav'c to be 
d(;termined by the body dynamics of the torpi'do. In 
order to proviait broaching of the torpedo when it 
loses contact close in, it will probably be neccs.s.ary 
to have a C(;iliiig switch in thi; afterbody which will 
p(;rmit immediate return to hydrostatic control if 
acoustic contact is lost at depths less than 10 ft. 


muth steering .solenoid.^ are arranged .so that they 
take over control of the steering from the gyro when 
they are actuateil by the relay circuits. The relay 
designati'd as relay 2 in Figure 11 is closed b^^ the 
4S-V power supply when the power supplies arc; 
turned on. This is r)rovided in order to permit n;- 
cycling of the glide-angle control system and the 
gyro lock-off system after pr(;rMn test,s hav(; b(;(.;n 
completed. The following i.s a d(;scrii)tion of the var¬ 
ious corapoiumts and their functions. 
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21.8.1 Provision for the Gyro Lock-off 


The gyro lock-off consists of a small 24-v perma¬ 
nent-magnet motor which drives cams Cl and C2 
through a reduction gear. In the figure, the arrows 
on the motor and cams indicate the direction of ro¬ 
tation of the system when it i.s progressing toward 
the gyro lock-off condition. At the start, cam Cl is 
in such a position that it holds the switch Si open. 
When the first echo arrives, closing of the enabling 
relay on the main chassis actuates relay 1 causing it 
to close. This connects bnish 1 on the gyro lock-off 


"■irO V . JJi UOIl 


via contacts 3 and 4 of the switch S2 and contacts 
5-6 of relay 2 to —24 v. The motor continues to ro¬ 
tate in the forward direction as long as relay 1 rc;- 
mains closed or until cam C2 opens switch S2. If the 
attack breaks off long enough to allow the enabling 
relay to open, relay I ojams and brush 1 of the gyro 
lock-off motor is connected to ground by way of con¬ 
tacts 4-5 on relay 1 and contacts 1-2 on the switch 


SI. This causes the motor to reviuse and it continues 
to rotate in the reverse direediou in the absence of 
further echoes until cam Cl opens .switch Si breaking 
the motor circuit. Spurious echoes will start the gyro 
lock-off motor, but as soon as the enabling relay 
drops open, the motor will return the gyro lock-off 
system to the original starting position. The time 
which is set up for gyro lock-off to be accomplished 
is about 15 sec, corresponding to the time necessary 
for about ton consecutive echoes to lx; receive<i. The 
lock-off foature is achicjved by means of the <^am C2 
W'hich, when turned far enough, opens switch S2, 
which brc?aks the circuit to the brush 2 on the gyro 
lock-off motor from the —24-v supply. 


21.8.2 Glide-Angle Control System 

The glide-angle control system is the means used 
to transfer the infoniuition from the vertical steering 
relay to the elevators. This is done by adding incre¬ 
ments of mecliaiilcal bias to the pendulum in the im¬ 
mersion mechanism. The bias is added to the pen¬ 
dulum in such a way that it is compensated for by a 
tilt of the torpedo body tlirough a definite number 
of degrees. The amount of bias added to the jxaidu- 
lum on each received echo is about 1.5 degrees. 

It is desiu'.d that vertical steering be restricted to 
a target range of about 250 yd or less. This is accom¬ 
plished by the use of cam 4 in the time liase which 
keeps its switch closed during the time that an echo 
could bo receivefl from a target range of 250 yd or 


less. If an echo is received within this range, the echo 
relay in the panel will bo closed which connects —48 
v, via terminal D on the largo AN plug, terminal E 
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and the 11-12 contacts on relay 2 to the glide-angle 
control solenoid. This solenoid is the coil of a relay 
which, when it is actuated, closes contacts 1-2, while 
the extended arm on the relay is pulled away from 
the disk D. This arm has a pin which fits into holes 
around the edge of the disk D so that the contacts 
1-2 are hold closed, except when the pin is free to 
drop into a hole in the disk. Closing the contacts 1-2 
connects brush 1 of the glide-angle control motor to 
— 24 v through the 2-3 contacts of relay 2. Brush 2 
of th(' motor is connected via th<? 2-3 contacts of 
relay 1 and the ri.A’’ plugs to a swinger on the vertical 
.ste<!ring relay in the panel. When the phase-sensitive 
detector signal indicates up-steering, this brush will 
he connected to ground, whereas if it indicato.s down- 
steering, this brush wdll be connected to — 48 v. The 
direction of rotation of the motor, therefore, is de¬ 
termined by the setting of the vertical steering relay. 
As soon as the echo relay drops open after the end of 
an echo, with the enabling relay still in its actuated 
condition, the glide-angle control solenoid will be un¬ 
actuated and it will try to return to normal. How¬ 
ever, in the meantime, the disk D will have turned 
enough so that the pin on the extended relay-arm 
will ride on the surface of the disk between holes, 
thus holding the contacts 1-2 closed until the next 
hole oil the disk comes into position so the pin can 
drop in and open the contacts. This arrangement in¬ 
sures that the motor will turn the disk through an 
angle! determined by the locjation of adjacent holes 
each time an echo, pennittiiig vertical steering, is 
received. A small holding time is incorporated in the 
echo relay to iiiako certain that the glide-angle sole¬ 
noid may remain actuated for sufficient time so that 
the pin on thc! extended arm cannot drop back into 
the same hole from which it is pulled out. 

If an attack is broken off, the enabling relay will 
eventually drop open. When this occurs, the relay 
setup oil the steering panel will be suc;h that the 
glide-angle control solenoid will be actuated during 
each interval that the switch operated by earn 4 in 
the time base is closed. If some bias has been intro- 
du(!ed on the pendulum by moans of the glide-angle 
control system, contact 2 in thc switch which is op¬ 
erated by the mechanical bias rack will be closed 
cither against contact 1 or 3 depending on whether 
the bias introduced is for up or down steering. When 
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the enabling relay in the steering panel is unactuated, 
relay 1 in Figure 11 will open and brush 2 on 
the glide-angle control motor will be conne(!ted 
via contacts 2-1 on relay 1 to c.ontact 2 of the 
switch operated by the inechaiiical bias rack. The 
polarity of contacts 1 and 3 is .such that the motor 
will be driven in a direction so that the mechanical 
bias rack will be returned to its neutral position. 
Because of the intermittent operation of the glide- 
angle control solenoid under this condition, the glide- 
angle control bias will be returned by one of the 
increments of bias during each ping interval. When 
the bias rack has been returned to the neutral posi¬ 
tion, contact 2 on the bias-rack switch will be in a 
free position between contacts 1 and 3, thu.s breaking 
the motor circuit. In order to prevent broaching of 
the torpedo when acoustic contact is lost near the 
end of an attack, a pressurc-oiierated ceiling switch 
is placed in parallel with the switch operated by cam 
4. This permits the glide-angle control motor to re¬ 
turn the pendulum bias to tin; neutral condition 
immeduxtely on opening of the enabling relay if the 
torpedo is at a depth shallower than the setting of 
the ceiling switch. 

The provision for recycling of the gyro lock-off and 
the glide-angle control is made by means of the bat¬ 
tery B and the ciiange of connections provided when 
relay 2 is unactuated by turning off the source of 
48-v power. If the gyro lock-off has complott^d its 
cycle so that S2 is open, brush 2 of the gyro lock-off 
motor will be connected to the 24-v terminal on the 


battery B by way of contacts 4-5 or relay 1 and con¬ 
tacts 1-2 of switch 1. This will permit the motor to 
start to recycle evmn though the gyi’o lock-off motor 
has turned suffi(;iently to allow the switch S2 to open. 
Brush 2 of the? motor will be connected to the —24-v 
terminal of th(5 battery B by way of contacts 4-3 of 
the switch S2 and contacts 4-5 of relay 2 so the motor 
will continue to rec.ycle until cam 1 opens the switch 
SI which is the condition for starting of the systian. 

The glide-angle control solenoid is connected to 
the —48-v terminal of the battery by way of con¬ 
tacts 10-11 of the relay 2 and the 4-5-6 contacts 
operated by the mechanical bias rack providing the 
gKde-anglc (control is not in the neutral position. 
This will cause the 1-2 contacts operated by the 
glide-angle control solenoid to be closed and to re¬ 
main closed until the meclianical bias rack is re¬ 
turned to the neutral position. Bru.sh 2 of the glide- 
angle control motorwill be connected to eith(!r ground 
or the —48-v terminal B by the mechanical bias- 
rack switch, if it is not in the neutral position and 
the polarity determined by contacts 1, 2, and 3 
are such that th<) rack will be run back toward the 
neutral position. As soon as the neutral position is 
reached, the motor circuit will be broken by the 
1-2-3 contacts in the meclianical bias-rack switch 
stopping the motor. At the same time the connection 
to the glide-angle control solenoid will be broken by 
the 4-5-6 contacts on this switch. * 

* See references 6, 11-13, 1.5, 16, 18-20, 26, 27, 20-32, 37 47 
for additional material on topics in this chapter. 




Chapter 22 

BELL TELEPHONE LABORATORIES 157B AND 157C SYSTEMS 


22.1 INTRODUCTION 

HE orijriiial Bell Telepliom; Ijaboratories [BTL] 
development was an eeho-ran^iiig system to be 
useel in the siibiuarine-lMuncbed Mark 14 torpedo 
and was known as Project 157B. However, wlien the 
use of the Mark 18 electric torpedo began to super- 
scKle the use of the Mark 14, BTb was asked to mod¬ 
ify their sj'stem for use in the, Mark 18 torpedo. The 


ing transmission, so ttait equal acoustic signals, in 
phase with each other, are traiisinitted into the 
water. The receiver consists of two similar amplifiers, 
with each amplifier connected to the output of one- 
half of the transducer. At the output of each amjili- 
fior channel is a threshold stage which imposes the 
requirement that a signal level developed in the 
transducer must exceed some predeterraiued value 
as a function of time after transmission iiijordcr to 




FiGvrtB 1. Block diagram of I57(’ system. 


Work on the adaptation of the system to Ihe "Mark 
18 was being concluded at the end of World War II, 
and while no tests had been rim on tliis modified de¬ 
vice, some units, designated as I57C, were about 
ready for field operations. Since the only essential 
differences hetw'oen the 157B and 157C systeuLS are 
those necessary to adapt the .systems to the tw o dif¬ 
ferent t(npedo(58, fhe deacriiition in this report will be 
confined to the one used in the Mark IS torjK'do, 
the 1570. 

A block diagram of the system is .shown in Figure 
1. Acou.stic control is confined to the aziiimlh plane 
with the normal hydrostatic control in depth. The 
transducer i.s dirfidcxl into twn) halve.s in the ardmuth 
plane with the two halves c.onnocted in parallel dur- 


pass this llivesliold .stage. The time variation in signal 
level which is impo.sed is controlled by a time-varied 
gain, C control on the receiving ami)lifier.s. Fol¬ 

lowing threshold stages arc limiter stages. The ehar- 
aetcristics of fhe tlire.shold and limiter stages are sucli 
tliat about 2 db of signal level above that neee.ssary 
to pass the threshold stage is sufficicint to limit the 
limiter stage. This as,siires that a signal level, a very 
little higher than the minimum [lerniitted to pass 
the threshold stage, will re.sult in a level out of the 
limiter stage which i.s independent of receivcal signal 
level. T'hc outputs of the two limiter stages are fed 
to a phase-sensitive detectm. The phas(;-.sensitivo 
detector measurevs the eleiitrical phase relation be¬ 
tween the signal,s which have been siqjplied by the 
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two luilves of the transducer, and from this electrical 
l)has(! difference the target bearing relative to the 
axis of the torpedo is determined. The information 
dc'tcrinined by the phase-.sen.sitive detector is .snp- 
l)lied lo a device known as a translator. 'Plu' trans¬ 
lator is a meclianical .system wliich is comi(;cle<l to 
the cam idatcrs on ihe torixdo gyro. Tin; coiTcction 
to he applied lo the course of the torjaKlo, as deter¬ 
mined by th(! phase-seiisiti\'e detector, i.s applied di¬ 
rectly to the g 3 n-o c.’im jilate by the translator. In 
tliis way, the toriiedo nanains iimh'r gyro control for 
the entire! coiir.se of the rim; hnt, after an attack be¬ 
gins, the .system is able to make a correction on the 
.setting of the gyro course of the torpedo on each 
received echo. 

It is nece.ssary to make iirovi.sion in the phase- 
.si'iisitive detector .system agaimst the torpiKlo homing 
on the wak('. This is dom; by means of a preferred- 
.side steering. At the tinu' the torjiedo is fired, IIk; 
.side of the target on wliich it i.s being fired is deter- 
niineil and a switch operable from the out.side of the 
torpedo bmly is set so that, if the; torjiedo is fired 
toward the port .side of a targi't, tin; .system will pre¬ 
fer echo(!.s reflected from the point on the target 
furthest lo port. This means that when an I'cho i.s 
received from an extended target inehiding the full 
length of a .ship and its wak(!, the torpedo will home 
on the bow end of the entire .system. 

'riu! transmitter supiilies about I ,oO() watts of elec¬ 
tric power to the Imn.sdueer. The transmitted lail.se.s 
ar(! 3 mse(! in haigth and they are spaced at l-si'c 
int(!rvals. This .spacing of the transmitter lailses 
makes the inaximnm acoustic range of the, torpedo 
about 800 yd. The friiquency at which tlu! system 
operates is iiboul 28 ke. 


22.2 TKAiNSDUCKH 

Figure 2 shows the details of the elements of thi! 
tran.sdueiir used. It consists of an array of jiiezo- 
(‘lectric (crystals mounted on a steel r(!.sonator i)lat(s 
which is (uiclo.sial in a chainlx'r formed liy the n'sona- 
tor plate and a thin sti'cl dome. Tlu! crystals are 
amnioninin dihydrogen pho.sphate 45-tlegrce z cut. 
Twenty-four crystals ari! used with eight of them 
half-amplitude in order to obtain a S 3 ".stcm which 
sniiiire.sses minor lohes. The ciystals are .separati'd 
from Ihe steel plate ly means of ceramic insulators. 
The cryshils are cemented to the ceramic insultilors 
and the ceramic insulators are in turn cemented to 
the re.son;itor plate. Tlu; sp.ace between the resonator 


plal(! and the thin steel dome is filled with Union 
Carbide .and Carbon Corporation’s UCON ITB 600 
fluid. 



I’lOcnK 2. 'rrntirsliirer crystal aiTii.v'. 

The stc(!l dome is 0.030 in. thick and meelmnical 
reinforcement is provided ly an internal grill work 
of 3/16-in. stainl(!.ss steel rods. Figure 3 shows details 
of the dome. Figure' 1 show.s the directivity patterns 



Figuue 3. Trairscluccr dome. 

for this tran.sduccr in both the horizontal and azi¬ 
muth planes and for both transmission and reeci)- 
tion. Figure .5 .shows the ek'Clrical jihase angle be- 
twei'ii Ihe sign.'ils generated in the two Imlvi'S of IIk! 
tran.sducer mea.sured as a function of the angle of 
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RECEIVING 

FiounE 4, Directivity patterns of trausdnoer. 


the incident acoustic signal. This is an important 
characteristic since the system raeasun's the bearing 
of the target ndative to tiie axis of the torpedo by 
comparing the. phase angle of the signal generated in 
the two halve.s of the transductir. 


22.3 


TIME BASE 


The oi)eration of the torpedo is based on the use of 
3-msec puls(!S transmitted at Tsec. intervals, making 
the maximum possible acoustic range of the torpedo 
a little over 800 yd. During transmission, transients 
are induced in the tuned circuits of the receiver which 


persist for a short time following transu 11 . 50100 . 1 


order to prevent false steering on these transients 



ANGLE OF SOUND INCIDENCE 


FicTjnE 5. Elcotrical phase angle plotted .as a function 
of target angle for the hydrophorie.s. 

the receiver is blanked for a total of 40 m,sec begin¬ 
ning at the time of start of t i*^ixSxnissioiL. F'l^Lirc 6 
indicates diagraininatically the sequence of operations 
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controlled by the time base. The time base consists 
of a multivibrator which actuates relays during its 
on period. A schematic of the entire time-base system 
is shown in Figure 7. The normal off period of the 


by which the end of Cl connected to terminal 3 of 
V2 is rapidly charged to approximately -t-300 v dur¬ 
ing the 50-insee on period. Since this condenser has 
a large capacity (1 ^d), a low-impedance charging 


TRANSMISSION 




32 MILLISEC“^ 
— 40MILL1SEC- 


-1600 MILLI6EC 


RECEWER 
BLANKED 
TO HERE 


f \ 


RECEIVER 
GAIN BEGINS 
TO INCREASE 



t’lGURB 6. Soqvifince of events in the time ba.se_ Note: Dimension “1600 milltsec” should read 1000 millisec. 


multivibrator is 950 m.sec and its on period is ap¬ 
proximately 50 msec. Timing of the off period is 
determined by Cl, Rl, and PI. Adjustment of the 
off period is accomplished by means of the poten- 


path is retpiired to provide full charging of this con- 
chtnacr. This charging path is provided by thc! 1-2-3 
.section of the tube V2 acting a.s a cathode follower. 
Thc normal operation of the panel requires that 


BOTTOM HC roT’ BOB sr SOTTOM 



tiometer Pl. The on period is c.ontrolled by C2, E,3, 
and P2, when the latter two are conn(;ct(;d to the 
-t-300-v supply by the 5-6 contact of the relay HG. 
An umasual feature of the multivibrator is the circuit 


the reverberation control relay U,C shall be closed 
for 40 msix:. The multiidbrator circuit i,s designeil to 
insure stability of this requirement. The operation is 
as follow’s: When the 2-3 section of the tube VI be- 
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gins conducting, terminal 4 is driven negative and 
curi’ent from terminal 5 to 6 ceases. The resultant 
flow of current from tcuminal 5 to 6 of V2 actuates 
the starting nday ST which in turn actuates the 
relay HC. During this period, the voltage on ter¬ 
minal 4 of VI has risen only slightly be(‘au,se of the 
high resistance of R4. When the contacts on the ni- 
verheration control relay itC are closed, R3 and P2 
arc returned to -1-300 v and the timti constant of 
th(!sc resistors in combination with the condenser C2 
determines the reiiuiining time durhig which ter¬ 
minal 4 of VI remains negative and, therefon;, the 
time until current in the startmg relay coil ST is 
interrupted. In order to make the operated period 
of the reverberation control relay RC 40 nrsec, the 
time constant of the system R3, P2, and C2 is made 
l(5ss than 40 msec by the closing time of the relays. 
This is accomplished by adjusting P2 until the op¬ 
erated period of the reverberation ('ontrol RC mhiy 
is 40 msec. 

In order to control the length of the traiismitUir 
pulse, the multivibrator consisting of the tulx; V3 
and its associated components is usc'd. A common 
cathode resistor R13 is em{)loyed to complete the 
feedback loop. The multivibrator exercises its control 
by applying a positive pulse to the. screen of the 
transmitter tube through a cathode-follower stage. 
During the off period of this multivibrator, the plate 
current from terminal 5 to 6 is determined by the 
choice of tube typo, the plate-load re.sistance R16 
and the common cathode resistance R13, To drive 
the plate as near —300 v as possible, the voltage 
drop across R13 should be as low as po.ssiblc, wliilo, 
to maintain the bias on the 1-2-3 section of the tube 
sufficiently below cutoff to previait false* trigg(Ting, 
this voltage drop should be as high a.s pos-sibk*. A 
workable compromise is achlcv^cd by the ase of a 
6SN7 tube with the valines assigned to the plate and 
cathfxle resi.stors indicated in Irigure 7. Triggering 
of this multivibrator is accomplished by a contact 
on tin; relay RC in tin* following maimer. Between 
pulses, the left-hand end of C4 i.s (diargi^d to —105 v 
through the 100-megohm resistor RIO. Clo.sing the 
bottom contacts 1-2 of the relay RC grounds this 
point and produces a positive pulsi; on terminal 1 of 
V3 of approximately 18 /i.sec duration and 105 v 
magnitude. Chatter of the relay contact in RC doe.s 
not tend to cause false trigg'cring due to the long 
time required to recharge th(^ condenser C4. The 
3-msec on period of this multivibrator is determined 
primarily by C6 and R15. 


22.1 TRANSMTJTER 

The transmitter consists of a self-excited clas.s C 
oscillator which is keyed by applying a 3-ms8C posi¬ 
tive pulse to its screen by means of the 3-insec mul¬ 
tivibrator and a cathode-follower stage. A schematic 
of the traiLsmittcr circuit is indicated in Figure 8. 
nie i)late supply for the; oscdllator is 3,000 v ob¬ 
tained from a 7.5-gf storage condenser which is 
charged during the intervals botwcxai transmitted 
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pulses by means of a high-voltage transfonner and 
n'Ctifier, The plate current of the oscillator tube V2 
is approximately 1,33 amp during the 3-msec interval 
of transmission. The voltage acro.ss the storage con¬ 
denser is reduced by approximately 20 per cent dur¬ 
ing this interval. 

The frequeaicy-determining element of the oscil¬ 
lator is a. polystyrene-insulated condenser C4 and 
the inductance T2 which is tuned by means of a 
movable pennalloy slug. Frequency stabihty is ob¬ 
tained by close coupling of the grid and cathode 
windings in the oscillator coil, and is further assured 
by tlie fact that the high plate resistance of the 
tetrode V2 is between the load and the freqneney- 
determining element of the (ircuit. 

During the off jieriod, VI is nearly nonconducting 
and the scrc'Oiis of V2 arc biasesd at approxima,tcly 
— 80 V. In practice it is necessary to do some select¬ 
ing of the 3E29 lubes which are used for V2 in order 
to insure low enough plate current drain during the 
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off period to permit the stonise condenser to be 
charged t(} the proper voltage. 

During tlie transmitting pcrifidj the 3-niscc multi¬ 
vibrator applies a -f-300-v pulse to the grid of VI 
which, aeting as a cathode follower, supplies a pulse 
of about -1-250 v to the screen of \"2. In the design 
of the oscillator, three factors had to he considered: 
frequency stability, time of pulse build-up and decay, 
and tank-circuit efficiency. An ('xtremely high-Q 
tank circuit results in liigli frequency stability and 
high tank-circuit effici('ncy but slow build-up time. 
However, the rate of build-up is also determined by 
the excess gain in the oscillator feedback loop. The 
constants for this o.scillator were cho.sen as a com¬ 
promise between these factors such that build-Lip and 
decay times of approximately 0.5 msec arc realized. 
The resulting fre(piency stability is ade<iuate to mcx;t 
the overall requirements of the system. 

22.5 TRANSMITTER-RECEIVER 
SWITCHING CIRCUIT 

Since a single transducer Ls u.sed for the functions 
of both projector and hydrophone, it is neries.sary to 
provide means of switching between tranami.s.sion 
and receiving in order to i)rcvent the receiver from 
b('ing damaged during transmission and to prevent 
the transmitter from providing a load on the trans¬ 
ducer during reception. Figure. 9 shows a schematic 
of the switching system used, wdiieh eonsi.sts of four 
thyrite element.s, RVl, RV2, RV.3, and RV4. The.se 
thyrite units have an impedance characteristic wdiich 
varies in inverse proportion to the third porver of the 
current passing tlirough them. Thus RV3 and RV4 
become low-rcsistaiico elements under the influence 
of the transmitter during the 8-nisoc transmitting 
interval and, therefore, serve to connect the tran.s- 
mitter transformer to th(' two transducer units con- 
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thyrite units during transmi.ssion i.s of the order of 
100 V and, therefore, a uegligilile power los.s is in¬ 
troduced. During the receiving interval when the 
signal voltag('.s developed by the hydrophone.s are 
low, RV3 and RV4 become high-resistance element.s 
and therefore serve to isolate the two halv'es of the 
transducer from the transmitter. In practice, be¬ 
cause of the capacity of the th 3 "rite units, their ini- 
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have no effect on the receiving circuit. They provide 
a certain amount of coupling between the transmitter 
output traiLsformer and the hydrophones, particu¬ 


larly if the capacities of the two h.alves of each thy¬ 
rite unit are unequal. This causes noise, originating 
in the transmitter transformer caused by either in¬ 
ductive pickup or ripple on the power supply, to lie 
fed into the receiver. This factor i.s a serious limita¬ 
tion on the entire system since this source of noise 
maj' he the limiting factor in receiver sen.sitivity 
rather than the torpedo self noise. 

The voltages applied to the transducer during the 
transmitting pulse wmuld be damaging to the re¬ 
ceiver mput transformers if they were not prevented 
from reachhig these elements. Isolation is provided 
for the .starboard reeei\’ing channel by condensers Cl 
and C2 and the thyrite unit RVl and for the jiort 
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Figure 9. Thyrite switching system. 


receiving cliaime! bj" the condoiisens C3 and 04 and 
the thjTite unit RV2. During the time of traiismis- 
•sion the thyrite units RVl and RV2 become low 
impedance and thi'refore limit the voltage applied to 
the primaries of the ri'ceiver transformers to approxi¬ 
mately^ 275 V. Thi.s is a sufficiently high magnitude 
to imtiate traiusients in the entire receiver circuit, in 
spite of the presence of a blanking bias on the grids 
of the fir.st two stages of the receiver. It is, however, 
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sulation breakdown. During the receiving interval 
RVl and RV2 are high-resistance elements, but they 
represent, nevertheless, shunt capacities across the 
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primary of the receiver transformers. These in com¬ 
bination with additional condensers are n.sed to pro¬ 
vide tuning for the primaries of the receiver trans¬ 
formers. The condensers Cl, C2, C4, and C5, in 
combination with the shunt elerricrits inchidlng the 
transmitter transformer winding constitute an at¬ 
tenuating network providing a voItag(; loss of ap¬ 
proximately 13 db. 

22.6 RECEIVING AMPLIFIERS 

The port and starboard halve.s of the transdu(!cr 
each connect to a separate receiving amplifier by 
mean.s of a tuned coupling transformer. The am¬ 
plifiers are conventional with three .stages. The mter- 
stage coupling and thii output coupling are accom¬ 
plished by mean.s of band-pass transformers. These 
transformers are so dc.signed that the gain is 3 db 
below maximum at ± 800 cycles from the nominal 
mid-band frequency of 27.75 kc. This band width is 
chosen to accommodate three factors: first, frequency 
shift due to doppler effect caused by motion of th(( 
target; second, the band width neces.sary to pass a 
3-msec echo pulse with nc-gligible envelope distor¬ 
tion; and third, the band width necessary to accom¬ 
modate possible drift in the oscillator frequency. 

During transmi.s.sioii, high-level transients aro gen¬ 
erated in the tuned (dreuits; however, these drop to 
les.s than expected signal levels by the end of the 40- 
insec blanking period. 

The first two stages of the amplifier are vaidabhv 
gaiii stages with the gain variation achieved by var¬ 
iation of the grid bia.s on the tubes. 

The steering control is determined by comparing 
the electrical phase relation between the sigiuds gen¬ 
erated in the two halves of the tran.sdnc<;r. The 
phase-sensitive detector which makes this compari- 
.son follows the amplifies, so it is important for tin; 
electrical phase shift introduced in the two amplifier 
channels to be the same, A tuning condenser is pro¬ 
vided in one channel to provide an adjustment to 
satisfy this condition. 

22.7 TIIRESHOT.D CIRCUIT 

The threshold circuit, shown schematically in Fig¬ 
ure .10, is identical in the two channels. In operation, 
terminals 4 and 5 of the diode are maintained at 
— 52.5 V by the voltage divider Rl and T12 which is 
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3 of the diode is maintained at —105 v white terminal 
8 i.s at ground potential. With these electrode po¬ 
tentials, no conductive current flows through either 
seedion of the diode for signals which liave peak volt¬ 
ages less than 52.5 v. However, if a signal has a peak 
value greater than 52,5 v, the f)ortiou of the positive 
peak at terminal 1 of T1 wlfich is greater than 52.5 
V' wall cause current to flow from terminal 5 to ter¬ 
minal 8 of the diode. Similarly, that portion of the 
negative peak which is greater than 52,5 v will cause 
current to flow from terminal 3 to terminal 4 of tin; 
diode. Since these currents are equal then', is no 
change in the direcd currents in R1 and R2, so their 
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FicunB 10. Threshold stage circuit. 


junction will remain constant at —52.5 v even in the 
presence of a signal. The current pulses which pass 
through the two diode sections also pass through 
corresponding windings of T2 which an; so wound 
that an alternating voltage of the same frequency as 
tliat in T1 is induced in the 1-2 winding of T2. Be¬ 
cause of the intermittent current flow, there will be 
considerable harmonics induced in this winding. 

The condenser C3 i.S' use.d to reduce the value of 
the voltage at T2, caused by capacity unbalance in 
the diode and its associafijd wiring, to a minimum 
when the signal voltage on the secondary of T1 is 

Iacc? 



VARIABLK GAIN-CONTROL FOR THE RECEIVER AMPIJFIER 


127 


22.8 VARIABLE GAIN-CONTROT. FOR 
THE RECEIVER AMPLIFIER 

The function of the variable gain-control circuit 
is to adjust the gain of the first two stages of the 
amplifier so that the level of output of the amplifier 
caused by noi.se and reverberation will be brought to 
a fixed level below the thre.shold. By so doing, any 
signals are amplified as much as possible without 
danger of reverberation or self-noise signals passing 
the threshold stage. Since the signal is compo.sed of 
reverberation, which is a decaying factor, and self 


ence of signal at the output of the third amplifier 
stage is sufficient to assume control. For the re¬ 
mainder of t.he 1-sec listening interval, the gfiiri v&ri- 
ation is under the control of the signal output of T9 
which is a winding in the output transformer of the 
third .stage of each amplifier. 

The receiver gain-control is separate for the right 
and left receiver channels. A schematic of the circuit 
used is shown in Figure 11. For times less than 32 
msec after transmission, corresponding to a range 
of 24 yd, the sensitivity of the amplifier is essentially 
zero Ix^caiiso of tlio operation of the relay Sl\ lor 



noise, which is a relatively steady factor, the gain- 
control circuit is set up so that the gain is always in¬ 
creasing or held constant; i.e., it cannot decrea.se 
during a listening period. 

The gain control should not be confused with the 
disabling of the circuit during and shortly after 
transmission. While the gain is lield to a minimiiin 
during the disabling period, the ac-tual disabling is 
accomplished by the relay ST, indicated in Figunw 7 
and 10, at a point further on in the circuit. 

At a time 40 msec after transmission, the gain of 
the receiver begins to increase imdcr the control of 
the gain-control circuit, rising rapidly at first at a 
rate of approximately 24 db for double time inter¬ 
vals and continuing to rise at this rate until the pres- 


the next 8 msec the gain of the amplifier remains 
constant, since contacts on the relay RC maintain 
the voltage on Cl and C2 at —5.2,5 v. This voltage 
is derived from the — 105-v regulated supply through 
the divider resistors R1, R2, and R3. The voltage on 
these condensers supplies bias to the grids of the 
fir-st two amplifier stages. When the relay RC opens, 
the. condensers Cl and C2 begin to discharge through 
two parallel paths: one, through resistors R4 and 
R5 and two, through the 8-5 .section of the diode 
and R7. The reduction in voltage on these condensers 
causes the gain to increase until it reaches a value 
sucdi that the output signal from the amplifier is 
sufficient to produce a voltage across the 3-4 winding 
of T9 having a peak value equal to or greater than 
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trie sum of the following two factors. One, tiic; bias 
supplied to terminal 3 of T9 from the voltagt^ divuder 
consisting of R8, R9, and RIO and, two, the voltage 
existing on C3, When this voltage is exceeded, cur¬ 
rent will flow between terminals 3 and 4 of the diode 
causing teriiiinal 3 to become negative with respect 
to ground by the amoimt by wliich the peak value of 
the output of T9 exceeds the first of the ab<ivm bias 
factors. This voltage established across C3 and R7 
prevents discharge of the condenser 02 through the 
diode i)ath. Since the voltage on C2 may now de(!ay 
only through R4, the rate of gain increase in the am¬ 
plifier is reduced so that its maximum value now will 
be about 9 db per double titue-intfU’val. Tt raii.s:t be 
remembered that the received signal during the por¬ 
tion of the receiving interval which ha.s been con¬ 
sidered will normally consist primarily of surface re¬ 
verberation, The time constant,s are chosen so that 
the rate of increase in sensitivity of the amplifier will 
not be. great enough to allow reverberation signal to 
pass the threshold stage. 

Now consider the manner in which the gain is con¬ 
trolled following the tunc when it has ri.sen to the 
point where the reverberation signal has first (amsed 
conduction of the 3-4 section of the diode and ix'- 
duced tli(5 rate of gain increa.se. From this pomt on, 
mitil the end of the 1-sec listening period, the opera¬ 
tion will be as follows. The reverberation signal may 
b(; expecteni to decrease in level with time. If it de- 
cn^ascs at a rate fa,ster than tin; rate at which lire 
amplifier gain iiKTeases, becattsc' of the decay of the 
voltage of the; condenser (.12 through R4, the output 
at T9 will fall to a vnlue Insufficient to cause condu(!- 
tion through the 3-4 section of the diode and tffi; volt¬ 
age. on C3 will decay through R7 until conduction 
through the 8-5 .section of the diode i-s reestablished. 
When thi.s happens, the gain will again increase at 
the rai)id rate, until the output level again ri.ses to a 
point where the rapid gain increase is blocked. This 
type of control continues until the level of reverbera- 
t*on signals falls to a value less than the .sigiicil caused 
by the self noise of the torpedo. The .system is so de¬ 
signed that the amplifier giiiii cannot increa.se to a 
point where the expected self noise of the torpedo 
will produce a signal which can pass the threshold 
stage.. 

So far, the performance of the gain-control circuit 
under the, influence of reverberation and noise has 
been discussed. The action will norv be considered in 
the proBi'iice of an echo signal. It has been observed 
that echo signals often consist of a .smear of echoes 


representing signal returning from many points over 
a range of 50 yd or more. The value of signal neces¬ 
sary to cause conduction in the threshold stage is 
approximately 7.2 db greater than the value nccc.s- 
■sary to produce conduction in the 3-4 section of the 
gain-control diode. The latter is determined by the 
bias applied to terminal 3 of T9. The 7.2-db differen¬ 
tial is the value which field experience has indicated 
to be the minimum value necessary to exclude noise 
peaks. The low'est possible xnilue is used in order that 
the minimum level of signal above the peak back¬ 
ground noise will be passed by the threshold circuit. 
It is obvious that when the signal level ex(!eeds the 
noise and reverberation voltage, conduction will oc¬ 
cur in the 3-4 sectiejn of the <Iiode and prevent fur¬ 
ther rapid increase in gain. If it w^ere not for the 
feature which permits further slow increase of the 
gain, the maximum level of echo smear would need 
to exc(!(;d by at least 7.2 db the value of the rev(;r- 
beration at wdiicb the gain increase was first inter¬ 
rupted in order to pass the threshold. In other words, 
if a smear echo is received at short range at the time 
when the rcvtu’bcration is deca>fing rapidly, it is de- 
.sirable to allow all of it to pass the threshold even 
though the di,stance attenuation causes the last por¬ 
tion to be le.ss than 7.2 db greater than the reverbera¬ 
tion level at the beginning of the siiiefir. The time 
constant of the combination of C3 find R7 i.s deter- 
mimnl primarily by the following consideintion; The 
3-4 section of the diode in combina tion with C3 con¬ 
stitutes a peak rectifier, and the rate at which the 
voltage on C3 dec.ays through R7 during the inter¬ 
vals betwixm noise and rev'erberation peaks deter¬ 
mines the manner in which these peaks are inte- 
gi-ated. The voltage on C2 decays only during the 
miuiniums of the voltage on C3. Therefore, the more 
rapidly (.13 is allow'ed to decay the lower it will fall 
betw'eeii noise peaks and the lower the final voltage 
on C2 wfill bifcomo. The choice of a time con.stant of 
15 msec for the C3 and R7 combination, is one of the 
factors determining the choice of 7.2 db as the volt¬ 
age ratio. Any change, in the time constant would 
necessitate a new' choice for the voltage ratio. 


22.9 LIMITER CIRCUIT 

The limiter circuits following the threshold stages 
are conventional, single-stage, high-gain, class A am¬ 
plifiers. The limiting action is achieved simply by 
virtue of the fact that the signals applied to this 
stage are such that overload occurs when the voltage 
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outflut, of tho fhreshold stage is only 1 dh greater 
than tliat necessary to pass the threshold. This is 
due to th 6 ftict tlicXt tX 6Sli.T tiib0 <)V0rl<}(. ids at ap¬ 
proximately 3 V of signal on the grid, and 1 db abo\'C 
the threshold of 52.5 v is a 6.5-\' signal. A si'riiss ro 
sistance limits the grid current in this stage to sinah 
values and, therefore, iirevents tho grid from going 
appreidably ])Ositiv{;. This enliances lire limiting ac¬ 
tion. VVlien the signal Icvid is 2 db above that neces¬ 
sary to pass the thnvshold stage, the limiter stage 
will be completely limiti'.d. 


and 5-6 of FI and 5-6 of F2 are all phased in the 
siime way. This means that the voltages in 3-4 and 
5-6 of FI will always be in phase and the voltag(;s in 
5-6 of F2 will lead, be in pliase, or lag thoS(^ in FI, 
depending on whether the eidm is receiv(;d from the 
right, dead ahead, or left. Assume that an echo is 
received from the left, so that the right-chamnd sig¬ 
nal in 5-6 of F2 lags the left-channel signal in 3-4 
and 5-6 of FI by 45 degrees. These voltages are in- 
diiiated in vector diagrams in Figures 13A, T?, and 
C. The vector representing the voltage in 5-6 of F2 



22.10 PHASE-SENSITIVE DETECTOR 

It is the purpose of the phasi'-sensitive detector to 
combine the output of the two receiver channels in 
sucli a way tlnit the diffiuence in electrical pha.se bc;- 
tween them can b(( used to generate a usable signal. 
The ('sswitial elements of the detector are shown in 
Figure! 12. F3 is a 9(.)-degree [)hase-shift iietwork and 
RVl is a rectifier. The triode VI and the (!ondenser 
C4 r(!taiii the information, which consists of a d-c 
voltage whose sign dc'pimds on the direction of in¬ 
cidence of the echo signal on the transducer and 
who.se magnitude depends on the value of the angle 
between the torpedo axis and the direction of the 
incident echo signal. 

In the o])cratioii of the circuit, the windings 3-4 


will be delayed 90 de.grees by the phase-,shift net¬ 
work 1'’3 so that the vector representing the voltage 
in 3-4 of F.3 will he as indicated in I5gure 13D. Re¬ 
ferring to Figure 12, it will be noted that the voltage 
A -j- C' is rectificxl by .section 2-3 of RVl and ajiplied 
aenxss the resistance R2S. Similarly the voltage 
C' — B is rectified and aiijiears as a voltage across 
R.29. The.se voltage.s will be added vectorially as in¬ 
dicated in Figures 13 E and F, When rectifiiid, the 
relative magnitudes of voltage appearing across R28 
and 1129 can lx- indicated as in Figure 13G. The 
plot of voltage at, the top end of R28 referred to the 
lower end of R29 as a function of electrical pha.se 
angle is indicati'd in Figure 13H. 

'Wlien an (!fho is received, VI is mad(! conducting 
so that the condenser C4 which wa.s previoirsly 
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charged to +19 v is discharged to the value appear¬ 
ing across R28 and R29. The following threti factors 
determine the choice of values of R28, R29, Cl, C2, 
and RVl. First, the storage condenser C4 reaches its 
final voltage through a series-resistant circuit con¬ 
sisting of the plate impedance of the tube Vl and the 
load resistances R28 and R29. The sum of these com¬ 
ponents must be sufficiently small to allow C4 to 
reach its final voltage within 1 msec. This determines 
the maximum value for R28 and R29. Second, the 
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Figure 13. Analysis of phase-sensitivo dotcctor ojwra- 
tion. (Refers to Figure 12.) 


condensers Cl and G2 act as filter condensers for 
removal of signal frequency from the echo pulses. 
The degree of filtering Ls a function of the ratio of 
the condenser impedance at signal frequency to the 
load resistance. The value of the capacitance is so 
chosen that 30 db of suppression of signal frequency 
voltage is obtained. Third, it is necsessary that the 
shape of the rectified pulse shall be such that the 
final voltage is reached (luickly. It is also necessary 
that following termination of the received signal, the 
pulse will fall off sufficiently slowly so that the grid 
of the tube V1 can be biased to cutoff tjefore the volt¬ 
age on C4 is appreciably modified because of the 


decay of the dedector pulse. The rapid rise of the 
rectified pulse is determined by the .size of the con- 
den,ser C4, the impedance of the varistor, and the 
impedance of the source supplying the detector cir- 
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plate circuits of the limiter stages whose impedance 
is modifie<i by the filters F1, F2, and F3 and by the 
ratio of the output transformers FI and F2. The 
transformer ratio is determined by the output volt¬ 
age required from the detecd.or, which is 30 v for a 
maximum phase differencse of 90 degrees at the input. 
With this value determined and with the limiter 
tubes operating at sat tmition, the transformer ratio 
and hence the impedance are determined. The im¬ 
pedance of the varistor elements is chosen sufficiently 
low .so that they are not limiting factors in deter¬ 
mining the impedance of this circuit. It is necessary 
to achieve a compromise between the quick charge 
of the condensers Cl and C2 and the quick-charging 
recpiirements of the condenser C4. 

22.11 PREFERENCE CIRCUIT 

The purpose of the preference circuit is to distin¬ 
guish among a number of echoes coming from a mov¬ 
ing target, and by proper presetting, to choose the 
one which comes from a point on the target nearest 
the bow. This is a means of ignoring the wake which 
is produced by the motion of the target through the 
water. It has been found desirable to incorporate a 
lead-angle feature in the preference circuit so that 
the course called for by the .setting of the gyro cover 
plate leads the bearing of the echo by approximately 
4 degrees. The actual value of the load angle can be 
varied from 0 to 8 degrees by proper circuit adjust¬ 
ment.?. The circuit elements involved in this feature 
are .shown schematically in Figure 14. The ability 
to choose the rightmost or leftmost echo is achieved 
by means of the phase-.s'biisitive detector VI, the 
relay LR2, and the condenser C4 which stores the 
output of the phase-sensitive detector. In operation, 
the condenser C4 is charged at the beginning of each 
listening period to -|-19 v. When an echo passes the 
threshold circuits this condenser will be discharged to 
a voltage eciual to the output voltage of the phase- 
sensitive detector. If succeeding echoes are received, 
the value of voltage as.sumed by the condenser C4 
will be e(tual to the new value of the phase-sensitive 
dete<!tor output voltage providing this voltage is 
negative with rcsiXbct to the pre’sdous signal. The 
fact that the tube Vl conducts in only one dirtbction 
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prevents the potential of the eoiidenser C4 from being 
changed in a positive direction. The relay LR2 in- 
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sensitive detector to the condenser C4 so that either 
port or starboard echoes will make the potential of 
the top of the condenser more negative. The system 
is preset for preferred-side steering, by setting up 
the relay LR2 so that echoes from the preferred side 
make the top of the condenser C4 mo.st negative. 


voltage equal to tliat applied to the cathode circuit 
by the output of the phase-sensitive detector. At the 
termination of the iKiho signal VI is again cut off so 
that further discharge of the condenser C4 is pre¬ 
vented. A later .signal, less positive than the preced¬ 
ing one, will repeat the sequence and permit the volt¬ 
age on C4 to fall to a still lower value. However, a 
succeeding signal more positive than the preceding 
0U(5 will not alter the voltage of C4 since, in this case, 



The operation of the system is as follows. The 
condenser C4 is charged by means of a ciwitact on 
the relay ST to -1-19 v with respec't to its terminal 
which goes to the junction of R6 and R7. It is pre¬ 
vented from discharging in the absence of cicho sig¬ 
nals by VI which is bia.sed to plate-current cutoff by 
a suitable tap on the voltage divider consisting of 
the resistors R4, R5, R6, R7, and R8 and the follow- 
Up pot6ntiOiIiGt6r ili tilt? tnilisliitOr. TiiC; output of 
the phase-.sensitiv(! detector, which is developed 
across the resistors R28 and R29, is connetded in the 
desired seii.se through the contacts of the relay LR2 
between the cathode of VI and one side of C4. When 
an echo signal passes the threshold circuit, and after 
a suitable delay which is introduced in the trigger 
circuit, the grid of VI is driven positive. The con¬ 
denser C4 is then free to discharge through VI to a 


the cathode of VI will be positive relative to its plate 
and the tube will not conduct in that direction. The 
manner in which the grid of VI is driven positive 
will be explained under Section 22.12. 

The value of the condenser C4 is determined as a 
compromise between two factors. First, a discharge 
lime constant of approximately 0.2 msec is required. 
This determines the maximum size of C4. Second,it is 
ncce,s.sary for the circniit leakage resistance to be very 
high. It is essential that the voltage due to c.harge 
stored on C4 shall Ik; capable of remaining mialt(;rod 
by circuit leakage for a period of 1 sec. This deter¬ 
mines the minimum size for C4 and also the minimum 
possible circuit leakage re.sistance including the leak¬ 
age resistance of C4 itself. The circuit leakage is mini¬ 
mized by the use of a guard circuit which holds to a 
miiiimiun the voltage drop acro.ss the leakage path. 
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22.12 TRIGGER CIRCUIT 


The trigger circuit, also indicated in Figure 14, 
performs two functions following tlie receipt of an 
.0 Signal wliicli passes tile tliresliold. i;irst, it nmlces 


VI conducting by removing its bias after the out¬ 
put of the pli!is('-scnsitivc detector has n*aclied cfpii- 
librium and reestablishes the bias at the jiroper time 
in ri'latioii to tin; output pulse; from the' phastvsensi- 
tive detector. Second, it fires the gas tube V2. 

Th(' first function of the circuit is achieved in the 
following manner; a portion of the output of the 
limiter in the starboard channel is obtained from the 


ducting mitil the output of the phase-sensitive de¬ 
tector has had opportunity to reach its eqnilibrinin 
value. It should be noted that tin; grid-to-eatliode 
voltage of VI is a(!tu,ally a composite of the trigger- 
inriuiit voltage and the piiase-sensitive detector volt¬ 
age. 'riiis is somewhat undesirable since an output 
of the pliase-sensitive delector of such a polarity as 
to cause the (iathode of VI to become negative with 
r(;.spect to tin; junction of R6 and R7 will, in effect, 
reduce the bias on thi; tub(' and, therefore, tend to 
cause it to conduct in the abst-nce of a trigger signal. 
However, in practice', the; grid-te)-e!athoele voltage of 
Y1 from this source is also delaye;d by the; ceimbiua- 


^/s 



;i-4 wineling of the filter transformer E2. This i.s rec- 
tifieel in the voltage-eloubler rectifier circuit consist¬ 
ing e)f the 1-3 arm of UV4 and the condensers 01 and 
C2 de;ve;le)piug a veiltage ae;ross the load resisteir 112. 
The rate; of rise' eif veiltage ae-reiss K2, feilleiwing re¬ 
ceipt of an echo signal, is .se)ine;wliat faste;r than the; 
rfite of rise of the; pliase;-se;usitive; deteector e.'utput 
voltage across R28 and R29, because; eif the' reilalive; 
magnitueles of the coiide;iise'rs Cl and C2 and the; 
source irnpeelance. This voltage' is applied to the; grid 
of VI through the resistor R3. The; reesistor R3 and 
ceendenser 03 serve to delay the rise of voltage on 
the grid e)f \'l .so that the tube does not become con- 


tion of R3 and 03 which pre;vents the tube from be;- 
coming conelue'ting in the; ab.sene'e e)f trigger circiut 
.signal. At the termination e)f an ce'lie) signal, the; bias 
ewi VI is rajndly re'store;d to a ne;galive; value;, .since 
the ce)nde'nse;r 03 discharges through the 4-6 arm of 
RV4 which, shunts the resistor 113 for current flow in 
tliis dir(;ction. In this maimer VI is cut off before the 
phase'-.se'nsitive detector output voltage has fallen 
appreciably from its eejuilibrium value. 

The second funedion of the trigger circuit, te; fire 
V2, in turn operates the TG relay and so initiate.s a 
train of relay operations e.ssential in the control of 
the torpedo. It has been found desirable to d(;lay the 
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fifing of tiie tulie V2 lieyoiid the hegiiiiiirig of ail oolio 


signal by about 1,5 msec, 'fliis delay, introduced to 
make the circuit less sensitive to peaks of self noise 
of the torpedo, is accomplished through the action 
of the resistor R9 which is shunted by the re*sistors 
RlO and Rlt and the condenser (15. The choice of a 
1.5-msec delay is dependent on the choice of 7.2 db 
as the amount a signal must exceed the noise voltage 
in order to pass the threshold stage. The delay in the 
firing of the tube V2 is also associated with the delay 


in the reduction of thi*, bias on the tube VI. These 
delays should be of approximately the same magni¬ 
tude, since it obviously is undesirable for V2 to fire 
before Vl becomes conducting and modifies the volt¬ 
age on the condenser C4. 


22.1.1 


SERVO SYSTEM 


The electromechanical system, following the C4 
condenser shown in Figurejs 13 and 14, translates 
electrical information into mechanical rotation. The 
essential parts of this system indicated in Figure 15 
are a d-c amplifier, two control gas tube,s, a trans¬ 
lator, and a follow-up potentiometer. 

The voltage cin Cll remains there for about the 
time; re.quired for maximum rotation of the gyro 
covcir plat(!. The high side of Cll is connected to the 
grid of VI, a coupling stage, which was selected for 
its very high input resistance to prevent the charge 
on Oil from leaking off. The low side of Cll is con¬ 
nected to a voltage divider between -f 150 and —105 
V which also contains the follow-up potentioracdc'r in 
the translator. Wlien the follow-up potentiometer is 
centered, thci volt,age at this point is zero. 

The, two halves of V2 and the thyratrons V3 and 
V4 an; conn(;ct(;d as two parallel d-c, amplifier.s, one 
of which operates on a positive signal on grid ter¬ 
minal 1 of V2, and the other operates on a negative 
signal on grid terminal 1 of V2. The plates of V3 and 

va tl VO /*/^TlT10^^■|■0/^ rr^ncrl'i rolmr r*r»n ■I'o n'I'c flno riorVt'J' 

and left rudder clutches in the translator in series 
with 150-v, 400-c alternating current. The potenti¬ 
ometer P3 sets the normal grid bias on the,se tubes 
so that for 0 v on Cll and the follow-up potenti¬ 
ometer in mid-position, they are extinguished. 

With the system set for right preference, an echo 
from the left produces a positive voltage on Cll. 
This breaks down V3 in the following way. Referring 

oil rx/if ovi +1 o 1 1 ! +/\ m-ra of T? 1 nn/l T? O iirV^ioK 

tvij. [yv/i C511 ii\.j UXXC5 j ixi i V'1) 1.UI X tji J.LJ. exiiu. wiiixiii no 

at —105 V, when the positive voltage on Cll makes 


xu_lU.. <u.. 

lilt; lii V i pt^rtiLivc tm: cuiiciit iii tm; cii- 

cuit increases, whereupon the grid 1 of V2 becomes 
more positive because of the drop in R3. This in¬ 
creases the cathode current in the 1-2-3 half of V2. 
Because of the drop in R2 the cathode of the 4-5-6 
section Irecomes more positive, which reduces the 
drop in R9 and makes the grid of V3 more positive, 
causing it to lire. When V3 breaks down, it energizes 
the l(;fl gyro clutch which is located in the translator. 
A right echo produces a negative voltage on Cll 
which breaks down V4 in a similar fashion. 



F'lGvnE 16. Translator with cover removed. 


The construction of the translator and its coupling 
to the generator and power supply are shown in 
Figun!S 16 and 17. 

The main drive for the translator is obtained from 
the drivoshaft via the generator. Left and right gyro 
cover plate corrections are olitained by means of a 
pair of jaw clutches operated l)y a differential sole¬ 
noid. One-half of each clutch is free-running on the 

-io ^ J-ni-i ^ i ^ 4 -1 ti 11 r m 1 ml i r t »1 /"i » F rt 

£tiu.4. lo tiiivcii £i/iiu 111 Lniiy 

direction from tlie corresponding half of the other 
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cluttih. The other two halves are in one piece and 
are splined to the shaft. 

Th(; operation of oik; of the control tulx's V3 or 
V4 energizes the solenoid in one direction, engaging 
one of the jaw elutche.s and causing the' translator 
shaft to rotate in thi; desired direction. Through gear 
trains, this rotation is transferred to the gyro cover 
plate. The shaft driving the gyro covesr plate i.s on 
the side of the immersion gear which is .shown in 


of correction which can be applied to the cover plate 
by one ofieration. Another cam makes a contact 
wdien the shaft is in a position corresponding to the 
(;entering of the potentiometer. The heart-shaped 
earn, driven by a spring-loaded arm, returns thi; .shaft 
to its center po.sition when the potentiometer clutch 
is ckvimergized. This signifies that the translator is 
r(;iidy for more inforunitiou. The other two cams are 
not iLsed. 



Figure 18. The gyro covtu- plate switch is also shown 
in this picture. Its principal fimction is to limit tin; 
maximu m excursion of tin; cover plate. It also con¬ 
tains the preference pr(;S(;t switidi wliich is opcrati'd 
by turning the cover plate; manually through the; 
side-setting gear. 

The translator shaft also drives, through a mag¬ 
netic dutch, the cam shaft on which the follow-up 
potentiometer is mounted. Two cams em this shaft 
are useel to operate switches that limit the amount 


When an echo is received, the operation of a relay 
energizes the follow-up potentiometer clutch and, as 
the cover plate drive rotat(;a, the potentiometer fol¬ 
lows along with it. 'Taking as an example an eidio 
coming from the h'ft with the circuit set for left 
preference, V3 in Figure 1.5 become.? con(lu(;tiTig and 
energi.ze.s the left gyro clutch which cau.ses the co'/cr 
plate drive to turn in that direction. When the 
follow-up ixitentionictcr goes off-center in that di¬ 
rection it introduce,? a voltage betw^een the low .side 
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of ('ll iiiicl the enlhode of Vl. When this becoimw 
equal to the i)ositive voltage on the high side the net 
effect is the same as zero Aoltnge on Cl 1, and Vll is 
exlingiiislK'd. In this way the coxcr plate dri\'e satis¬ 
fies (he (Icniand of the, eondcaiser. 

The saiii(! proecshiie would occur if an echo canu! 
from the right excej)! that the high sid<t of Cl 1 would 
lx;conie negative, ^’4 would break down, and the, 
right gyro clutch would engage and turn the poton- 
tioniet('r so as to put a positive voltage on tin; low 
side of Cl 1.1’liis would balance the negati\‘(! voltage 
on the high side' and would extinguish V4. 



KinuitE 18 . M(xlifi('(l inniicisioii j'eitr sliowitiK niolliod 

Ilf driving syro cover plate from tninslator. 

The whole servo system in.ay be considered as an 
electronuadianical ami)lifier enii)loying negative feed¬ 
back from the foUow-uir i)ol('ntioinot(>r to the grids 
of \’:t and ^’4. The phase mint ions, however, are not 
arljnsted to the point wlu're sustained o.scillatious 
arc; supirressed. BecaiL«e of the delaj' hetweam the 
signal which operates the elute lies and the turning 
of the irotentiometer which opjioscis the signal, there* 
is a tendency to oscillate or hnnt at a frequeuicy of 
about 2 c. This hniiting e'aii be; ohserveal in the right 
and left clutch lights on the recorder traces when no 
echoes are* being received. 

22.11 HKI.A'iS AM) OVKRAI.L .SY.STlvM 
OPKKA'I'ION 

The miming of the relays has been seh'cteel as an 
aid in understanding their functions. liC means ivt- 


verberalion control releiy, ST niesins starting relay, 
TO means trigger relnjq and PC means follow -iij) po¬ 
tentiometer centering relay, .since it oiierates follow¬ 
ing the closure of the contact whic'h is closexl only 
when the follenv-np polentioinele'r is ceutc're'd. 

Thc'se relays do not e-onstitute all of the redeiy finie*- 
lions employed in the operation of the* pane); how¬ 
ever, in combination they accomplish all of the func¬ 
tions associatc'd with the utilization of echoes wheui 
oiie-e Ihe.v are received. The functions whie-li they 
ae-coinplish are in geaieral not aceaiiniilished by one 
relay alone; hene-e, three re-lays will he* di.scusse'd as 
a group and not seeparately. 'Phe functions whiedi 
this group of relays serve to aecompli.sh are e-ight in 
number: 

First, to e-liarge C4, Figures 14 and 1,5, to -)-10 v 
at the lime the; signal is Iran.smitte^l. 

Se;cond, to short-circuit ('ll, l''igure;s 14 and 15, 
thus e'liinimUing iiny ace-miuilateel charge; eluring 
period.s in which lu) echoes are; being r(;ceived. 

Thirel, to rehra.se the follow-up potentiometer 
e-lnlch and he-nce pe'.ranit the follow-uj) pejtentiometer 
te) ce'Uler, follerwing the re>e’e;ipt e)f an e;che) signal. 

Feuirlli, to tninsfe'r the* voltage- from C4 to (111, 
lugures 14 and 15, fe)lle)wing ree-cipt of an erclu) signal 
anel e-le)surc e)f I he fe)lle)w-up pe)te;nlionie;te-r contact. 

Fifth, to apply cutoff bias to the clute-li-control 
tubes V3 and Vl, Figure 15, during the- pcrie)el when 
the potentie)ine-ter clutch is de-energize>d, thus pre- 
ve-iiting the- chite;lie;s freeiu he-ing e)pe-rateel while the; 
pe)te-ntie)inete-r e-hi1ch is ele--e;ne;rgizeHl. 

Sixth, te) discomie;ct C4 from Cll at the end of a 
re-ee;iving interval eluring which the voltage was 
transferre-d fre)ui C4 te; Cll. This allows the ve)ltage 
to remain on Cll eluring the sueeeeeling ree-e-iving 
interval. 

Se-ve-nth, to l•enIe)ve the plate-.sni)i)ly ve)ltage- fe)r 
V2, Figure; 14, which tle)ws tliremgh the TO re-lay 
winding at the end of each receiving inter\-al. This 
se-rves to exliaguish \'2 at the enel of eae-.li reK;ei\'ing 
iuter\'!il provifle-d it has been fire;d by an echo re;- 
e-eiveel in that interval. 

ICighlh, te)ele'laj' the; transniissie)M of the;sncccceling 
pulse; until the- fe)llow-np iDe)te;ntiejmeler cont.ae-t is 
centered, j)rovieled an ee-ho heis fired V2, Figure 14, 
prie)r to the e-nel e)f the receiving interv-al. 

The maimer in which the above fune-tions arc- aseel 
to provide- operation of the pre-fe;rene-e eircnll sind to 
pas.s the infonmition to the d-c ami)lifie;r will now he 
devscrilKsl with re;fe-rene-e ton ,se;t of typical oiie-rating 
e-onditions. 
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111 gciiertil, all normal functions of the torpedo the trigger tube V2 and operates the, TG relay, bi¬ 
may be subdivided into three groups of typical eon- iiiiiltaneoiisly, the voltage on C4 is modified by the 

ditions. First, the system is operating but no echoes action of the phase-sensitive detector and the dis- 

arc being received; second, the echoes are being re- charge tube, VI. Operation of the TG relay performs 

ceived regularly in each pulsing intenml; and third, the following functions: Oil is shorted, V3 and V4 

the performance of the system following the receipt in Figure 15 are disabled, since the common point of 

of an echo which in turn is followed by a pulsing in- RlSaml U19 which was previously grounded through 

terval in which no echo is received. a back contact of the TG relay is now free from 

For the con.sideration of the first condition in ground, so that -|-300 v is supplied through the 

which the system is operating but no echoes am be- follow-up clutch, and RIO biases the cathodes of V3 

ing received, the action of the relays is as follows: and V4 to approximately +140 v. This same opera- 

Rclays TG and PC remain released at all times, C4 tion also disengages the, follow-up clutch, because of 

and Cll, Figures 14 and 15, are not coimcctfd to- the high resistance of R17 and R18 inserted in the 

gether, and the follow-up clutch is coiitiiiuou.sly en- eliitch circuit. Additionally, the TG relay disables 

gaged. Gas tubes V3 and V4, Figure 15, are enabled the ST relay to prevent the possibility of its opera- 

and the follow-up potentiometer will be hunting tion until the next step to be mentioned has had 

about the center position as discussed under the d-c time to be completed. The disengagement of the 

amplifier. The ST relay operates once each second follow-up clutch allows the follow-up potentiometer 

and performs the following functions. It connects C4 to be centered if it is not already in that position, 

to +19 V, short-c,irc,uits Cll, Figures 14 and 15, re- Centering of the follow-up potentiometer closes a 

moving any leakixge charge that might tend to build contact energizing the PC relay. The operation of 

up at this point, operates the PC relay, which in turn the PC relay performs the following functions. The 

chargc,s the TVG condensers C! and C2, Figure 11, ST relay is re-enabled; the, short is removed from 

and triggers the 3-msec multivibrator. It -vidll be re- Cl 1, and C4 and Cll are i)aralleled (Figures 14 and 

membered that the; latter controls the transmitter. 15). V3 and V4, Figure 15, art; re-onabled and the 

All of these functions repeat once each second. follow'-up clutch re-engaged by re-establishment of 

For the second condition, in which echoes are being ground on the j unction of R18 and R19. Paralleling 

received in each pulsing interval, assuming tliat no of C4 and Cll plac,(>,s a control voltage on Cll, and 

ecihoes have previously been received and the. dis- the d-c, amplifuir and translator act to translate this 

cussion is begun just prior to the transmission of the. information to the gyro cover plate. No further ac- 

pulse, which is to produce the first received echo, the tion occurs until the next normal operation of the ST 

function,s arc, as follows; The operation of the ST relay, whereupon the function is as follows, and dif- 

relay charge,s C4 to +19 v, shorts Cl 1 to remove any fens in important respects from the operation when 

accumulated charge, and operates the RC relay to no echoes were being received; The, TG relay is de¬ 
charge the TVG condc;n,se,rs and trip the 3-insee energized; the PC relay, however, is held operated 

transmitter pulse. The ST relay releases ayrproxi- through its own 1-2B contacts and the 5-(iB con- 

mately 31 msec after the traiLsmitted pulse. This tacts of the ST relay. C4 and Cll are di.scon- 

enables the TG relay, open.s the; charging coimectioii nected from each other and C4 is recharged to +19 

to C4, removes the short from Cll, and removes v. Cll, however, is not shorted as it was when no 

power from the reverberation control relay. C4 and echo was received. This difference is achieved by 

1 t*/-! j-1 * frS n .-TZ-J ■f'M.'TivT 1 ■« ./-v ^ T*i-»Tmr T f n/-inr 1 ri 

Hilt; ubiici ito plCVlUU.'Mj' '.Ji Mit; itivij tintiP ahv/ j kj hjhaj lo in^w m aih.-; 

noted. (Figures 14 and 15 should be referred to in operated position. The/?C relay is operated, the TVG 

discussion involving C4 and Cll.) Approximately 40 condenser is charged, and the pulse transmitted as in 

msec after the transmitted pidse, the PC relay re- the previous sequence. Ui)on release of the ST relay 

lea.ses, its power having been removed by the release all the functions are the same as in the preceding ,se- 

of the ST relay. This allows discharge of the TVG qucnce except that the PC relay is also released, 

condensers to begin. The system is now in condition Operation from this point on will be identical to the 

to receive an echo which will be, assumed to arrive at above operation as long as echoes continue to be re- 

some time between 40 msec and 991 m,sec after the ccivtxl regularly in each i)ul,sing inte,rval. 

_i-u:.-. .._?_ ... _ 4.1,... „,,.3 

MUiR'^iiiiibreu [juiae, vviieii iiii« iiuiio amvew fxiia pilKHyw rur iiiti iiiiiu ixim iimii Gimuiiiuii, 111 wuicvn lumjw’ 

the threshold, voltage from RV4 in Figure 14 fires mg the receipt of an echo which in turn is followed 
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by a pulsing interval in which no echo is received, 
the functions arc as follows. Begin the considcra(,ion 
with the opc.ratiori of the ST relay which is closed 
during the time a pulse i.s transmitted for which no 
(!cho is received. In this ca.se ail of tiie operations of 
the ST relay arc the same as wc.rc noted for the case 
in which echoes were being receive.d, .and, following 
its release, the voltage on Cll reniains unaltenid 
from that value which was placed on it by the echo 
received in the previous interval. The translator lias 
pre.sumably acted to translate this voltage to a (cor¬ 
responding angle on the gyro cover. Sinccc no eccho 
is received during this receiving interval, the TG 
relay do(;s not operate. TIence, upon the ne.xt opera¬ 
tion of th(c ST relay, the following operations (Kceiir; 
Since the TG and PC relays have not been operated, 
Cll i.s shorted, but the follow-up clutch is not rc- 


lea.se(l. In order for the follow-up clutch to be re¬ 
leased the relay TG must be operated and the J^C 
relay not operated. The rotation of the follow-up po¬ 
tentiometer due to the preceding voltage on Cll 
now produces an unbalanced condition at the input 
to the d-c amplifier and action of the amplifier and 
translator is initiated to re.store a condition of bal- 
an(!e. This requires a rotation of the follow-up poten¬ 
tiometer back to zero to balance zero voltage on Cll. 
Il(!n(!e the rotation prevdously translated to the gyro 
cover is now removed. All oth(;r operations of the 
ST njlay are similar to those which occurred in the 
first condition d(;acribed where no echoes were re¬ 
ceived.'' 

• See references 48-57 for additional material on topics in 
tills chapter. 
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23.i INTRODUCTION 

A t the end of 1942 the AtlaK Worke, Munich 
imderlook the devclopinent, under the code 
name Boje, an acoustic homing control system for 
torpedoes (unploying echoes received from the target 
ship rather than ahii)’s noise. Ttists conduclcvl at 
Obertollo, Italy, showf^d that, for distances of a fen- 
hundred meters, the echo-to-revorberation ratio is 
indeiHTident of range and depends only on the direc¬ 
tivity index of the; transduc.ers. It was thcTcfore de¬ 
cided that transducers having a high directivity index 
should he employed. In order to achieve this high 
index it was necessary to use a high frequenc^y for 
the; signal generator, dliere wa.s a demand for a (prick 
solution to the problem so, sirnte Atlas Werkc pos¬ 
sessed only one standard nickel lamination trans¬ 
ducer design operating at a frequency greater than 
25 kc, namely a 77.5-kc unit, rather than tool up to 
produce nonstandard laminations, it was decided to 
u.se 77.5 kc. It was thought .simpler to use separate 
proj(!Ctors and hydrophonc.s than to .switch the 
output-input circuits to a single pair of Iranisducers. 
Hence the space allotted to each transducer was se¬ 
verely limited. 

By the end of 1943 the first laboratory models had 
been completed and tested against .stationary and 
moving target.s at Gdynia. After a few changes re¬ 
sulting from these trials, a pr(‘,produ(!tion design rva.s 
frozen and designated as Geicn 1. The first trials of 
this model were held in March 1944. Subsecpiently 
about 120 G(!ier 1 units were produced and most of 
thorn were installed in toriredoes. A f(!W of these; units 
were nonstandard, various modification.? of the steer¬ 
ing meclianism being tried. By tin; end of 1944 sev¬ 
eral hundred experimental torpedo shots had been 
fired at Gdyniji. 

In the meantime, it was d(;cided to incorporate all 
the changes shown to he d(!sirable by the Ceier 1 
trials in a new v(;rsion, Gei(W 2, It was intended that 
Gcicr 2 be the, service torpedo; Genu 1 was to have 
bc(;n the guinea pig. The development of Geior 2 
was shared between Atlas Werk(', Munich and 
Minerva lladio, Vienna. The first Gcaer 2 sea trials 


tiviti(;s were halted, about 20 experimental shots of 
Geier 2 liad b(!cn fired. Shortly before the surrender 
of Germany, about 100 of the proproductlon Geier I 
torpedoes wore tran.sferred from experimental use to 
operational status. However, it appears that none of 
these torp(;does were fired in action as they W(!re later 
located in a depot. 

Although there arc these two prindfjal versions of 
Gcicr, and each of them exists in a nunib(!r of slightly 
different designs .since the final version had not been 
decided ui^on at the close of the war, all the designs 
operate on the same ba.sit; priiieii)le. The torjredo is 
equipped with two magnetostriction projectors and 
tw'o hydrophones, all four units being of the same 
design. The.S(! transdueer.s arc mounted in the; tor¬ 
pedo nose, in the mauinn- shown schematically in 
Figure 1. The projectors are excited simultaneously 



Fkjure 1. CJeier transdijRor Hri'angement. 

from the .same .source;. Each hydrophone i.s e'.eninected 
to its e)wn amplifier channel. There; is no compari.son 
of the intensities e)f the e.che)es re',ce;ived in the two 
channe;ls; instead, each eihanne;! possesses a definite 
threshold, above; the reverbe;ration or background 
noise;, which varie;s as a fimction of time after trans¬ 
mission and which the signal must exce^ed in order 
to exercise control. The steering method, which is e)f 
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as syiTimetrical stoeriiig and pr('f(;rrod-sid(; st<M>rmg. 
When echoes aro rocoi\ od on only ono sid('., the two 
systems behave in the sam(' way: th(; toifx'do steers 
toward the echo side for a definite time and then re¬ 
turns to gyro control until another echo is received. 
In case echoes are received from both sides, the sym¬ 
metrical steering system is governed by the first echo 
to arrive within a given ping interval. The preferred- 
.sid(; ste(n-iiig system is biased either to port or star¬ 
board just before the torpedo is fired, with the result 
that it always steers to the preferred side if an echo 
is r(;C(;iv(;d on that side, regardless of whether or not 
an echo from th(; other side has been received in the 


and the latter proliably the F5b. In both designs the 
transducers and electronic components are located 
in the torpedo nos(;. In the submarme torpedo the 
gyro assembly is equipped wdtli solenoids in a manner 
similar to, if not identical with, the corresponding 
(Specht) system in Tfi. These solenoids are operated 
by relays in the forward ele(!tronic ass(!mbly. Power 
is obtained from a generator on the main propulsion 
shaft. 

23.2 GEIER I 

The appli(!ation of Geier 1 to the submarine tor¬ 
pedo G7e had pro(!eeded much further tluan the air- 



Figuhe 2. Block diagram of Goicr I. 


same ping interval. The following specifications arc 
common to all designs; 

Frequency 77.5 kc 

Pinging power electric input to eadi 

projector 100 watts 

Ping interval 0.33 sec 

Mfixiniiiin iGlisblc Ecoiistic control 

range 200 meters 

The Geier control was applied to both submarine 
and aircraft torpedoc'S, the former being the G7o 


craft version. In the following paragraphs the sub- 
niariiK! application is discussed in d('tail, and later 
the modifications for the aircraft version are noted. 

The principal features of Geier 1 may be under¬ 
stood by reference to Figtire 2. The proje(d-ors are 
excited by discharging a cond(aLser through the wind¬ 
ing. The cond<aiser is connect(;d to the projectors for 
a short interval by a c.ontactor segment mounted on 
the rotating shaft of the mechanical time base. This 
shaft is driven by a small electric motor. After the 
eon<len.ser has discharged, it is disconnected from the 
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projectors and allowcid to charge again from a liigh- 
voltage d-c, powcT supply. Figure 8 shows the se¬ 
quence of ev(uils during one ping interval. 
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0 
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Figure 3. Time base of cams. 

Each hydrophone is connected to its own ampli¬ 
fier. The gain of the amplifier is suppressed during 
the transmission of the ping; during the remainder 
of the ping interval the gain is controlled by a time- 


lorpcdo steering engine. This aSKsembly, which em¬ 
bodies the syimnetrical-stcairing iindhod, has two 
output ehannels. One of th(!se operates a solenoid 
wdiich disengages the gyroscope from the steering 
engine; the second channel operates solenoids which 
control the. steering engine to givi', fidl helm to port 
or starboard. For e.xample, if tho torpedo roccaves an 
echo signal in the starboard channel, the gyroscope 
is disengaged and the helm put hard to starboard. 
The disengage relay is held in for 0.6 sec. If by that 
tiuK! no more echoes have been received in either 
chamiel, the disengage relay drops out and the tor¬ 
pedo returns to gyro eontroj. If, after the first echo 


is receiveil, anotlier i.s received 


same ch; 


in the next ping interval, the disengage relay con¬ 
tinues to hold in, and the gyro remains disengaged 
for 0.6 sec after riiceipt of the last echo. When the 
torpedo comes close to tho target or its wake, it is 
probable that echoes will bo received in both chan¬ 
nels during the same listening interval. The relay 
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Figure 4. Amplifier showing TYG and AVC systems. 


varied gain [TVGJ circuit and a relatively slow- 
acting auUjnwMc volume control [AVCl circuit. The 
TVG circuit serves to reduce response to revorlxira- 
tion to a nearly constant level, while the AVC circuit 
corrects for differences in absolute level, such as those 
caused by torpedo roll and changing .sea state. 

The relay assemblj^ is the connecting link between 
the electric signal output of the amplifiers and the 


assembly includes a pnveinptive feature which per¬ 
mits it to ignore all signals other than the first which 
arrive within a given listening interval. Thus the 
torpedo tends to stem towards that part of the acous¬ 
tic target to which it is clo.sest. 

Each transducer, resonant at the nominal fre¬ 
quency of 77.5 kc, consists of a rectangular block of 
ni(!kel laminations slotteil to iirovide. space for the 
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winding. The railiatiiig face is 4.4 X 8.5 ciii. The im¬ 
pedance at re.sonancci iw approximately 10 ohms. The 
four transducers, mounted a.s shown in h’igure I , are 
enclosed in a nose cap, or dome, made of a tlieniio- 
plastic material. This dome is similar to or identical 
with the dome; used in the round-iio.sed T5 listening 
torpedo. The space behind the dome is filled with 
ethylene glycol. The two-way transmission los-s 
through this coupling system is stated to be 10 db. 

The transmitter in Geier 1 consists simply of a 
1-gf condenser which is charged during the li.stening 


mission. The condenser C4 is charged to a positive 
potential determined by the circuits consisting of PI, 
R3, R4, 115, R6, and R8. At the end of the 33 msec, 
cam 2 breaks the circuit b(!tween Cl and ground and 
Cl as well as lh(! grid of VI begin tc^ approach the 
potential of C4 which is at the potential of the; cath¬ 
ode of VI. This causes the gain in Vl to increase and 
the rate of increase in gain is controlled largely by 
Cl and R2. The setting of PI determines the gain at 
the time of start of the gain increase. 

Tiro following two .stage.s, indicated in Figure 4 in 


TO PORT jD starboard 
■ST££RiR0 STESRIRQ 



interval by means of a transformer and rectifier op¬ 
erating from a 36-c, r7-v a-c generator. The condenser 
is discharged through the tuned projectors by m('n,n.s 
of one of the cam switches in the time base. 

The two receivers for the starboard and port chan¬ 
nels arc independent and identical. Figure 4 is a 
sehciinatic of one of them. It consists of a 3-stage 
radio-frequency amplifier followed by a single stage 
pulse amplifier for operating the relays. The first 
stage VI in Figure 4 is controlled by TVG. Cam 2 in 
the time base connec.ts the grid of Vl and the con- 
dc'.iiser Cl to ground until 33 msec following trans¬ 


block-diagram form, are similar to Vl except that 
their grids are simply returned to the AVC line 
through 1-megohm resistors. These two stages are 
under AVC but not under TVG control. 

Wlnui a .signal appears at the j miction of C7 and 
C8 it is necessary for it to have a pc^ak value greater 
than 12 V before rectification can take place in the 
diode and the rectifier RV2. When rectification does 
take place, point A becomes more negative and point 
B becomes more positive and C9 acquires a further 
negative charge from {loint A via the resistor RIO. 
This applies a greater m^gativc; bias to the grid.s of the 
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second and third stages of the amplifier which de¬ 
creases their gain. 

If the increase in signal level takes place slow'ly 
enough thor(' will be V(ny little change in the poten¬ 
tial of the grid of the pulse ampLintir V3 with the re¬ 
sult that it will not become conducting. However, 
because of the long time constant imposed on the 
rate of development of negative pot cniial by the con¬ 
denser C9, a rapid increase in signal level will re.sult 
in the grid of V3 be<mming more positive;. The (;xact 
conditions for firing V3 can be confroll(;d by adjust¬ 
ing the potentiometer H12. 

It will be noted that the plate of V3 is connected 
by way of the; gas tube; V4 shown in I’igure 4 and 
the coils of relays 1, 2, and 3 in the (;ontrol circuit 
shown in Figure 5 to the condenser til. The con¬ 
denser Cl is charged to -f-200 \' just prior to the time 
the transmitter sends out its i)uLse. The voltage on 
this (‘ondenser is divid(;d betwe(;n the g!is tube V4 
and the i)late of V8 in Figure 4. When a positive 
pulse arrives on the grid of V3 it earrses V4 to break 
down and the condenser Cl in Figure 5 discharges 
through the relay coils and the plate cinniit of V3. 
Once the discharge has started it will eontinue, using 
the; rectifK'r R,V3 as a return path even if V3 becomes 
cut off again. 

The action of the relay assembly is as follows. 
Relays 1, 3, and 4 are polarized differential r(;lay8, 
whose armatures stay in the position to which they 
were last moved by a current impulse. Relay 2 is a 
spring-controlled relay which opens when no current 
is i)assing. Relay 4 is tho gyro-disengage relay. Wlien 
ciirr(ait passe.s through winding 9-10 the armature is 
in the /f position, winch moan.s the; gyrosco{)e is cou¬ 
pled to the .steering engine. Wh(;n curixad pas.sos 
through winding 1-5, the armature moves to the T 
position, energizing the gyro-disengage solenoid. 
Relay 1 i.s the stof;ring relay; when cuiTent has last 
pas.sed through winding 9-10, the armature i.s iir the 
Z position, energizing the port solenoid, and eontrari- 
wise wh(;n current has last p<j.s.sed through 1-5. Re¬ 
lay 3 is a relay wFose contacts are in series with the 
1 ) 0 wer .supply energizmg all the solenoids. When 
current is passing throtigh winding 9-10, the elec¬ 
trical steering is disabled. Tlu.s circuit feature pro¬ 
vides ttie delaj^ in initiating acoustic control re¬ 
quired for safety purposes. Tho delay is provided by 
the thermal delay .swit(4i SWl, which opens after a 
definite time. Relay 3 is operated to tho other, or 
closed, position liy the first signal impulse which ar¬ 
rives from either channel after SWl has opened, and 


remains in this position thereafter. Relay 2 is an 
intermediate relay whose armature is in the Z posi¬ 
tion when not operated by current. 

Suppose now that the initial safety delay has 
elfipsed, so that SWl is ojien. Terminal 13 of the 
assembly is connected to the positive side of the 
200-v' supply, while terminal 4 is connected to the 
negative side of this supply. Relay 2 is in tho Z posi¬ 
tion, shorting the 1-5 w inding of relay 4. C2 (iLarges 
through R.3 until the gas tube VI breaks down, send¬ 
ing a pulse of current tlirougli the 9-10 winding of 
relay 4. The period of this simple relaxation oscilla¬ 
tor i.s 0.6 .set!. Relay 4 stays in the Z position and the 
torpedo remains under gyro control. JDiiring tho ping 
transmis.sion, terminal 14 of the control circuit (Veil- 
chen) is briefly coiineeted to tht; 200-v supply by the 
last contactor on the time base (terminals 9 and 10). 
Thus Cl is charged to thi.s i)otential. For the re- 
maindei’ of tht' ping interval Cl is dis(!onnected from 
the high-voltage supply. If a .signal, having sufficient 
amplitude to fire the glow tube V4 in the amplifier 
.shown in Figure 4, arrives in the .starboard channel, 
Cl dis(!liarges through the protective resistor 116 and 
windings 1-5 of I'clays 3, 2, and 1. Relay 3 is moved to 
the T or ctlosed position and remains there for the 
rest of the rmi. Relay 2 moves momentarily to the T 
lX)sition and returns to Z after Cl is discharged; 
relay 1 moves to the T position, if not already there, 
energizing the stai’boaid-steering .sohaioid. The mo¬ 
mentary op(!mtion of relay 2 ha.s two re.sirlts. First, 
C2 i.s discharged, .so that winding 9-10 of relay 4 will 
not receive another pulse until 0.6 sec ha.s elapsed. 
Second, the short is removed from 1-5 of relay 4, so 
that a pulse of current passes, moving relay 4 to the 
T pofsition. Thu.s the gyro disengage solenoid i.s op¬ 
erated, and the .steering engine passes nnder the con¬ 
trol of tho .starboard solenoid. If after 0.6 se(! lias 


elapsed no more echoes have been received, C2 will 
again discharge through tho gas tube VI and winding 
9-10 of relay 4, thus re.storing the torpedo to gyro 
control. On the other hand, if an ecilio is received in 
the next listening interval, before the 0.6 sec have 
('lapsed, relay 2 is again momentarily operated to the 
T position, again discharging C2 and ensuring a 
further delay of 0.6 .sec before the torpedo is re¬ 
turned to gyro control. 

The purpose of supplying the firing voltage for the 
glow tube in the amplifier from Cl of the control 
circuit is to provide the pr(;-eniptive feature men¬ 
tioned above, whereby the circuit ignores aii but the 
first echo in a given listening interval. Clearly, once 
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this condenser lias been disclmrged as a result of the 
first echo, none of the relays may be opernted again 
until (b! is recharged at the beginning of the next 
ping interval. 

No records of the many experinientnl trial shots 
were available at Atlas Werke, but some general 
conclusions regarding the. performance of Geier I 
were stated by Atlas personnel who had attended 
the trials. On bow shots the performance was good, 
but for shots made aft of the beam of the target, in 
many cases the torpedo nttempti'd to lionie on the 
wak(;, crossing the latter at right angles. After doing 
so, it would return to gyro control and proceed away 
from the target. This result is in qualitative agree¬ 
ment with an analysis of the symmetrical type of 
steering, which is discussed in more detail in Section 
23,4. It was statiid that the gear was respomsive to 
ship or det^oy noise; in particular, the torpedo was 
said to ho able to home on ship’s noise at a range of 
500 III provided the noise is modulated. If the noise 
is steady in level, then the only fluctuation appearing 
at the grid of the fourth .stage of the fimplitier is that 
(‘ausiid by the increase of gain resulting from the ac¬ 
tion of the TVG circuit. Preliminary tests show that 
if a steady signal of -single frequeric.y is applied to the 
input circuit, this tj'pe of fluctuation is sufflcicntly 
slow so as to be very effectively removed by the 
action of the AVC circuit. On the other hand, if the 
ship’s noise fluctuates rapidly, the peaks will not be 
suppressed by the AV'G eireuit and will appear like 
echo signals. Then, the only condition necessary for 
operation of the control circuit by such noise peaks 
is that they exceed the reverheration, or the .steady 
average noi.se hackgroimd, by the amount deter¬ 
mined by the setting of poteiitioiiK'ter R12 in Fig¬ 
ure 4. 

Some difficulty was experienced wdtli increased re¬ 
verberation caused by torpedo pitch and roll. Since 
reverberation rather than self noise is tiie limiting 
factor in detennining whether or not usoful echoes 
are received, this problem was givon serious con¬ 
sideration. A tran.sdm^er assembly stabilized both in 
roll and pitch wa.« developi'd. 

The electronic circuits for the- aircraft vension arc 
the same as those u.scd in the submarine torpedo; 
but since the plastic, nose used in the latter is too 
weak to witlnstand wator-eiitiy shock, a different de¬ 
sign had to be jiroduoi'd for the aircraft torpedo. It 
was found very difficult to reconcile the reipiiremeiits 
of mecliaiiii^al strength and acoustic transiiarency. 
The first attempt consisted of mounting the trams- 


ducers directly in the steel nose cap of the conven¬ 
tional torpedo, so that the radiating surfaces were in 
direct contact wdth the water. Tills arrajiigenient was 
satisfactory from the strength viewpoint and of 
course provided the be.st possible coupling between 
water and transducers, since there was no interven¬ 
ing dome. However, such an arrangement does not 
permit the mse of a stabilized transducer assembly. 
The problem of roll in the aircraft torpedo was even 
more serioms than in the submarine type, so the use 
of such a stabilized array W’a.s comsidered essiaitial. 
Lt. Col. Brae has indicated that the problem of roll 
stabilization of tho aircraft-lauiiclied torpedo had 
been pretty widl solved by the Luftwaffe at the end 
of the war although no Serffice torpedoes had been 
manufactured using thi.s improved feature. 

The aircraft version of Geier differed from the sub- 
iimrine type in one other respect; namely, the method 
of using the output signal of the amplifier to control 
the steering. Instead of distmgaging the gyro and 
operating the steering engine by solenoid control, the 
signal caused the gyro to bo angled by a small motor. 
When echoes ceased to be received, the gyro-angling 
motor stopped and the torpedo continued to run 
straight until another signal w-as received. Thus the 
aircraft-launched torpedo did not retain the original 
launching direction for its gyro course. 

2.t.3 GEIER 2 

The Geier 2 circuit differs from tho Gi'ler 1 prin¬ 
cipally in three features. The first principal difference 
is that the projectors are excited by a power ampli¬ 
fier driven from a conventional oscillator which is 
keyed from the time base. Although this arrange¬ 
ment requires more components than, the simple con¬ 
denser discharge circuit of Geier 1 it has two distinct 
advantages over the latter system: First, the con¬ 
tacts on the, time baso w’hich connect the proji’Ctors 
to the output amplifier are already closed when the 
oscillator begins, so that sparking is eliminated, and 
second, the transmitted pulse is much cleaner. The 
envelope is apiiroxirnalely square, a.s compared with 
the rapidly decaying cAponential envelope produced 
by Geier 1. BeeaiLse of better frequency control most 
of the transmitted energy is concentrated in a nar¬ 
row band around the nominal operating frequency. 
Not only is this more efficient tlian the dampod- 
oseillation type of transmitter, it is also more, secure, 
since the pinging can only be detected by listening 
in the neighborhood of tlie central frequency. 
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Tile second priiic.ipal difference is the addition of 
a noise discriminating circuit to the latter. The prin- 

r\f fViiL’ rJ \ yi rVii ri 41 f-/ir* Tviinr Ki-i L’iinTi ■Fy/im 
Y/1 uxxxo u.xnvyx xxxxxxxrx I t/X xxxc.vj' it'CJCJix i t (^xxx ijxxc^ il.xxw(./X\. 

diagram of Figure 6. After passing through four 
stages of amplification, the first thro<5 of which are 
controlled by a TVG circuit, the signal is jiasscd 
through two filter channels. Channel A is a singlo 
band-pass filter whose mid-frequency is the trans¬ 
mitted frequency plus th(; average; doppler sliift ex¬ 
pected to be encountered. Channel B \s a, double 

band-pass filter, having high attenuation at the echo 
r-- „„„„ __ 

j iwu ptt.'jv'j ueinuo 

metrically on either side. The output of each channel steering, Geier 2 employs preferred-side steering. 


the eidio signal must be of at least the same ord(;r of 
magnitude in order to provid(; a reasonalilc diff(;ron- 
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the relatively (piiet periods between the noise bursts, 
a much small(;r (;cho will bo (;qually c,ff(;ctivc. Thus 
the circuit behaves as a rapid AVC circuit, with the 
added advantag(; that it can discriminat(; between 
noise and c.cho wh(;n the form;;!' has fluctuations com¬ 
parable with the echo duration. 

The third way in which Geier 2 differs from Geier 
t is in the functioning of the control circuit.s (Veil- 
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Channel "B* 


ri(TUKl3 6. Discriminator. 


is’theii rectified and these two rectified vmltages are 
combined in opposite sense. Tin; filter pass bands 
are so chosen that if white noise is fed into the system, 
the rectified voltages are equal and hence the result¬ 
ant is zero. However, if an echo signal is present, it 
appears only in the single pa.ss channel so tluit the 
■po/’v+Tfiofl tr/’vlfcv €ro« tiTO l/’VTitroT* omifi 1 Tf D. i-ffor- 

XXXJ- J.» ViiV' XXXiiV/X 

ential is greater than a predetermined thn^shold, the 
relay assembly is op(;rated. The us(; of two pass bands 
in the noise channel pemiits the sam(! result to be 
attain(;d if tin; nois(; spectrum is not flat but has a 
constant slope in tin; part of tin; sp(H?trum covered 
by the two channels. This noise discriminator is most 
effective against intermittent noise such as is pro¬ 
duced by explosions. While the noise .signal i.s present 


The mann(;r in which this is accomplished may be 
seen from Figure 7. This simplified diagram contains 
all of the essential features of the original control 
cirtuiif shown in the Minerva Radio drawing of Feb¬ 
ruary 1, 1945.''’“ 

VI and V2 represent the output tubes of the port 
xincl svtH‘»3()tircl tiiiipiifiors r0sj)0(jt'iv0ly ix0ltiy Ij r0lyjy 
2, and relay 4 arc polariztxl diff(;rcntial r(;lays. Cur¬ 
rent through winding 1-5 will op(;ratc the armature 
to the T position, and cuiTcnt through the 9-10 wind¬ 
ing will cause it to move to tin; Z position. The arma¬ 
ture remains on the side to which it was last mov(;d 
after current ceases to flow. A differential of 0.3 ma 
is required between the 1-5 and 9-10 windings to 
cause the armature to move. Relay 3 is a spring- 
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controlled relay which k operated to the T position on 
0.6 ma through either winding and holds in on a cur¬ 
rent of O.o rna. When relay 3 is open, both the gyro- 
disengage .solenoid and th(! steering solenoids are 
disabled, llelay 4 is the steering relay, causing either 
the port or starboard solenoid to be energized, when 
relay 3 closes. 

A thermal delay switch, which closes after the 
initial safety dehiy, is placed in series with the 200-v 
supply to the relay circuits. Finally, the biasing cir¬ 
cuit, controlled by the preferred-side switcdi, permits 
a steady e.urrent of 0.3 ma to be passexl through (jither 
winding of relay 4. 


of relay 1, so that the armature is immediately re¬ 
turned to the Z position, charging Cl again. Simulta- 
l discharges through the 0.2-megohm resis¬ 


tor and winding 1-5 of relay 3. The operating current 
of 0.6 ma is reached during the very short interval in 
w hich C3 is bciing charged, but the minimum holding 
current of 0.3 ma is not reached until a considerable 
time afterward, on account of the long time constant 
of the discharge circuit. During this time interval, 
relay 3 is closed, so that the gyro is disengaged and 
the torpedo is under control of the steering solenoids. 
Since relay 4 is already iii the port position, the addi¬ 
tional current wdiieh flow.s through winding 1-5 pro- 



Suppose now that the initial delay has tdapsiid, the 
thermal switch has el().sed, and the preferred-side 
switch is in the port position. Relay 3 is open and 
relay 4 is in the port position, sinc'! the preferred-side 
switch is set to this .side. Relay 1 and relay 2 are 
both in the Z position, so that Cl and C2 are charged 
to 200 V. Suppose now that a signal arrives in the 
port channel. V3 fires, di.scharging Cl through wind¬ 
ing 1-5 of relay 1. The armature of relay 1 inove.s to 
the T position, and C3 is rapidly charged to the firing 
voltage of V5. When V5 fires, C3 begins to discharge 
through the 0.2-mogohin resistor and winding 9-10 


duces no action, and the torpedo mdder is put hard 
aport. After 0.4 sec has elapsed, C3 has discharged 
.sufficiently so that the current through winding 1-5 
of relay 3 drops below 0.3 ma; relay 3 then returns to 
the open position, the steering solenoids are disabled, 
and the torpedo returns to gyro control. 

Next, cou.sider the sequence of events when an 
echo is received in the starboard channel. C2 is dis- 
chargcid, momentarily operating relay 2 to the T 
position, charging C4. C4 then discharges through 
th(i 9-10 winding of relay 2, operating relay 2 to the Z 
po.sition and also through the 9-10 windings of relays 
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3 and 4 oporatiiig relay 3 mm })ef()re. The initifil ^^alue 
of the current through 9-10 of r(;ky 4 excoedM 0.6 im, 
so that the dmci'iaitial biitweiiii 9-10 and 1-5 of this 
relay is greater than 0.3 ma, and the armature movies 
to the starboard position. Thus the torpedo stcM'rs to 
starboard under solenoid control until rtday 3 drop.s 
out, re-engaging the gyro. 

Thus far, the prcforrcd-side control duplicatiis the 
action of the symmetrical control u.sed in Geior 1. 
Now consider the behavior wlicn eclioes are received 
in both channels in the same listening interval, Tf the 
first echo is from port, relay 3 is operated and relay 

4 is moved to the port position, causing the torpedo 
to steer. A short time later, the starboard echo conies 
in, and current also flovv.s through windings 9-10 of 
relay 3 and relay 4. Relay 4, however, remains in the 
port position because the current through the 9-10 
winding cannot exceed the total current through 
winding 1-5 by the riiquinid 0.3 ma until near the (Uid 
of 0.4 see hold-in time. In general this condition is 
not reached until after the next ping. On the other 
hand, if the first echo is received in the .starboard 
channel, relay 4 is initially operated to the starboard 
position, but as soon as the port echo comes in, relay 
4 is rever.S'cd because tlie differential current in the 
two winding.s does exceed 0,3 ma. Thus the control 
“prefers" the port side, and (‘auses the torpeiio to 
steer to starboar'd only If no port echoes are rec^eived. 


23.4 COMPARISON OF SYMMETRICAL 
STEERING AND PREFERRED-SIDE 
STEERING 

A eomparison was made on paper to detormine the 
relative effectiveness of symmetrical steering and 
preferred-side steering. The width of the path within 
which the torpedo track had to lie in order to .secure 
a hit was chosiai as a measure of this effectiveness. 
This path width is a fimotion of target dimensions, 
ratio of target speed to torpc'do spea^d, dircjction pat¬ 
terns of the transducers, and track angle of the tor- 
I)odo prior to the initiation of acoustio control, The 
meanings of these variables are illustrated in Figure 
8. The German analysis assumeil that the maximum 
acoustic-control range for echoes received from the 
ship was 200 ni, and for w'ake echoes 50 m. 

I'irst, consider the qualitative behavior of the tor¬ 
pedo with the two tyj)es of steering. Suppose tlnit thci 
tt)rpedo approache.s the target on the port bow'. If it 
is already on a colli.sioii course no echoes will be re¬ 


ceived until the last few yards of the run, on aeeount 
of the narrowness of the transducer patterns and the 
wide angle between them. Tlie acovjstH; control doe.s 
not affect the performance, ff the torpedo tends to 
miss ahead of the target, ship ecdioes will bo received 
in the starboard cliaimel, and the torpe.do will steer 
on a curved track in such a way that it tends to lead 
the target by a continually decreasing amount as it 
comes closer. This procedure will result in a hit. 
Moreover, since echoes are rec;ei ved only in one chan¬ 
nel thtU’e is no dlffereiiee, bctW(;eii the symmetrical 
and pre;fe,rr(;d-.sid('. m(;lhod.S, 

The diffcircaice become,s apparent when the torpedo 
tends to miss astern. In tliis ca.se the fir.st e(!ho(iS are 
received in the, port channel, so that the torpedo 
turns in that direction. Eventually, the torpedo head¬ 
ing is at 90 degrees to the ship’s track, so that the port 
(‘choes from the .ship and starboard echoes from the 
shij) or wake arrive .simultaneoivsly. With symmetri¬ 
cal .stecirhig tills condition is stable since, if the tor- 
jjedo turns slightly to fiort. In the next ping interval 
the starboard oeho comes in first and turns the tor¬ 
pedo back. Wlieii it has turned too far, the port echo 
arrives first and as a result the torpedo tends to run 
in to the ship or wake at right angles. Whether or not 
a hit is secured depends on the lateral distance from 
the ship’s track at Avhich this condition is set up, and 
upon the speed ratio. For very close misses astern, 
the torpedo will be close to the ship’s track at the 


SHIP POSITION AT TIME 
TORPEDO IS ON LINE A A 



Fi<5tiJiU5 8. Diagram for steering analysis. AA = 
width of path within which toi’iicdo track must lie in 
order to secure a hit (no acoustic control). 


time it starts to run in on a perpendicular course, and 
a lilt will be secured. For larger misses astern, the 
torpedo wdll merely cross the wako at right angles. 
Upon emergence, it will have lost acoustic contact, 
and will revert to gyro course, proceeding away from 
the target. 
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With preferred-side stc('ring with tiie fueferreci- 
sid(! switch set to port, the torpedo would not run in 
on a perpendicular course; after arri-vung at a point 
where tile port and starboard eciio-rangcs are ecpial. 
Instead, it would continue to maneuver so that the 
port transducer lieam alternately cut on and off 
eitlier the bow' of the target or the most forw'ard part 
of tiie target from whicii echoes were received. Tlius 
the torp(;do would pursue the ship, and in general, 
hits would be secured from initial torpedo tracks 
corresponding to larger misses astern tlian is the case 
with the symmetrical method. 

The improvement to he gained by using the pre¬ 
ferred-side method is much more .striking when the 
track angle is greater than 90 degrees. In this case 
the first echoes always come from the starboard aide, 
so that with the symmetrical system the torpedo will 
cro.ss the wake at right angles for all approaches ex¬ 
cept those lying in a very narrow' path which w'ould 
yield misses ahead in the case of nonacoustie control. 
With the preferred-side steering this is not the ease, 
as was explained in the preceding paragraph. 

By jilotting out a number of torpedo tracks it is 
possible to aseert.ain the dependence of effei'tive path 
width on track angle for the thriie cases of nonacous¬ 
tie control, acoustic control with symmetrical steer¬ 
ing, and acoustic control with preferred-side steering. 
This w’as done employing tin; following assumptions: 

Torpedo speed 24 knots 

Sliip .speed 12 knots 

Tori)edo turning radius 75 mei(;rs 

Ship's length 100 met(;rs 

Ship’s be.':un 15 imders 

Maximum echo range (ship echoes) 200 meters 
Maximum echo range (wake echoes) 50 meters 

The r(;sults are shown in Figure 9A. The average 
path widths for the; three cases in the tw'o 90-degree 
sectors forw'ard and aft of tin; beam are shown in 
Figure 9B. From this e(mii)arison the follow'ing con¬ 
clusion may be dra'wn; Both tire symmetrical and 
preferred-side methods jirovide a (toiisiderable in¬ 
crease in performance over the nonaeonstic torpedo 
for shots in the bow sector. There is little difference 
in performance between the two methods. In the 
quarter sector, however, the symmetrical method is 
only slightly better than no acoustic control, but the 
preferred-side method gives a marked improvement. 
The preff'rrefl-side method has one fault wliieh doe.s 
not app(;ar in tlie foregoing analysis: If the target 
detects the torpedo in sufficient time to take com¬ 


plete avoiding action; i.e., to bring the ship head-on 
or stern-on to the torpedo, then the latter may be on 
the wrong side of the target when it comes under 
aeouslie control. In this event the torpedo will at¬ 
tempt to steer on the tail of the wake, instead of on 
the ship. For tliis reason the estimated effectiveness 
of the preferred-side method should Ik; reduced from 
the values indicated in the foregoing comparisons. 

According to the statement of the Atlas W(;rke 
engineer who spent most time at the trials in (Idynia, 
the hulk of the.se ex]3erimental shots was made with 
symmetrical steering against targets movmg at 
speeds of 10 to 15 knots. The observed performance 
was in good agreement with the; theoretical analysis, 
at h;ast in so far as the major item.s were concerned. 
Shots made on the quarter almost always resulted 
in niis.ses astern because of the torpedo’s attempt to 
cross the wake at right angles. Bow shots, however, 
were successful. A few of the tlelcr 1 units were 
(;quipped w'itii a preferred-side control. Trials w'ith 
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these torpedoes tended to confirm the generalization 
that this tyije of steering was equally good for all 
track angles, provided the “i)r(;ferred” side was proj> 
(;ilychosen. Because of this superiority, the pi'eferred- 
sido control was ineorporat(;d in Geier 2. 


2.3..5 STABILIZED TRAiNSDUCER 
ASSEMBLY 

The s<;lf noise of the mo<lificd G7e torp(;do in which 
Geier 1 was installed is said to be I’oughly equal to 
the rt;verberation level of the Geier signal corre¬ 
sponding to an echo range of 200 m. Hence it was 
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important to take all possible measures to iiiiiiiinize 
revcirberation. It was found in the sea trials that ex¬ 
cessive roll of the torpedo caused a marked increase 
in reverberation which seriously impaired the per¬ 
formance. This was to l)e expectc-d on account of the 
wide angle l)etween the two projector beams; a .slight 
roll would throw most of the energy from one pro¬ 
jector uj) into the surface. A similar difficulty, 
though not so great, resulted from pitching of the 
torpedo. Ill order to meet this problem, a stabilized 
transducer assembly, TeudeI-Ro.se, was demsed. 

In thi,s mechanism the four transducers are 
raoimted on a framework suspended on athwart- 
ships bearings. A large piece of lead is attached to 
the bottom of the assembly making it pendulous. 
This feature tends to k(;ep the transducers stable 
with respect to pitch. The pendulum bearings are 
secured to a plate behind the transducers. This plate 
i.s capable of axial rotation, and is driven by a small 
motor. On the back of the plate are mounted two 


small mercury switches slightly inelined in oi)po.sitc 
directions to the horizontal. When there is no rc)ll, 
i.e., the transducer faces are vertical, both of the.se 
switches are open and the motor is stopped. When 
ih<; roll exceeds 5 degrees, the mercury in one of the 
switches moves, closing a circuit which causes the 
motor to drive the plate aromid, reducing the roll 
to less than 5 degrees. The entire niechaiii.sm is very 
simple. It was stated that no electric interference in 
the signal channels was produced by the motor. The 
actual performan(!e of the stabilized transdueer as¬ 
sembly in reducing reverberation due to roll and 
pitch had not been extensively test(d, but it was in¬ 
tended to use this feature in future Geier 2 units. 
F)irthermore it w'as stated that such an assembly 
capable of withstanding short-period accelerations 
of 1,000 times gravity had been designed and tested 
for the aircraft torpedo.“ 

» See references 58-64 for additional material on topics in 
this chapter. 
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24.1 INTRODUCTION 

T he BRITISH Trumper torpedo is a prosiibinarine 
anti surface-ship device, which was developed 
for use in the Mark 9 torpedo. The Mark 9 is a 21-iii. 
torpedo that travels at a speed of 40 knots and has 
a turning radius of about 125 yd. 

The block diagram of the Trumper control .system 
is shown in Figure 1. The transducers used are quartz 


course, the horizontal bo.amvadth of the tran.sdiiccrs 
is used as the means of making initial acoustic con¬ 
tact with the targo.t. The beamwidth of the trans¬ 
ducers in the vertical plane is made very narrow in 
order to achieve a high directivity index. Diagrams 
of the quartz transducers for both the projectors and 
the receiving hydrophone.s are shown in Figure 2. 
The following are the characteristics of these trans¬ 
ducers. 



Fiouht? l. Block diagram of Britisli Trumper. 


sandwich type with separate transducers used for 
tran.smitting and receiving. The time base is a system 
of cams driven by the main motor sliaft. These cams 
determine the 1-sec mterval between transmitted 
pulses, the 3- to 5-msec length of transmitted pulses, 
the blanking, and application of TVG to the receiver 
channels. 

2.1.2 TRANSDUCERS 

The transducers are moimted in a flattened section 
on the nose of the torpedo. Since the torpedo is fired 
under gyro control to follow a straight gyro search 


1. Projectors. The vertical pattern is 6 db down 
at 10 degrees off the axis and 10 db down at 16 de¬ 
grees off the axis. The minor lobes are 13.5 to 14.5 
db dovm and the first minor lobes arc 23 degrees off 
the axis. The horizontal patterns for one-half the 
transducers are 5 db down at 45 degrees off the axis 
and 14 db down at 70 degrees off the axis; the minor 
lobes arc negligible. When the projectors are con¬ 
nected with halves aiding, the 6-db down points are 
25 degrees off the axis, the 10-db dovm points are 31 
degrees off the axis, and the first minor lobes are 63 
degrees off the axis and are 20 db down. When they 
are connected with halves bucking, the pattern is 
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bi-lobed with a zero on the torpedo axis. The angle 
between the inaxima of the lobes is GO degrees, the 
pattern is 12 db down at ± 70 degrees off the torpedo 
axis and 10 db down at + 5 degrees off the torpedo 
axis. 
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Fioure 2. Transducers. 


2. Hydrophones. The horizontal pattern of the 
receiver hydrophone.s is almost identical with that of 
the projectors, whereas the vertical pattern is about 
twice as wide. 


21.3 TRANSMITTER 

The diagram of the traiLsmitter circuit is indicated 
in Figure 3. The oscillator VI which operates from a 
plate supply of 300 v is not keyed by the time base 
but operates continuously. The driver stage V2 is 
driven by means of the oscillator and its plate circuit 
is keyed by means of a switch in the time ba,sc. The 
driver stage is coupled to the power amplifier by 
means of the transformer Tl, the tw^o .secondary 
windings of which are so arranged that the grids of 
t.he power fimplifier stages V3 and V4 are driven 180 
degrees out of phase. The powder amplifier is eon- 


uwted to the two projectors by means of the trans¬ 
former T2. The power-amplifier stage is keyed by 
means of a switch SW2 operated by the time base. 
This switch breaks the circuit between the cathodes 
of V3 and V4 and ground. The electric output of the 
pow'er amplifier is about 300 w^atts and the efficiency 
of the projectors is such that about 200 watts of 
acoustic power is radiated into the water. The power 
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der about 10 to 12 in. long and 3 in. in diameter and 
coiisi.st.s of a high-voltage 1,500-c generator which is 
driven by means of an air turbine. The output of the 
generator is rectified and supplied directly to the 
power-amplifier plates. 


24.1 STEERING RECEIVER 

The steering receiver consists of a four-stage 
resistance-coupled amplifier which is shown scheimit- 
ically in Figure 4, The first stage is considered as a 
preamplifier and no sensitivity control i.s applied to 
it. The second and third stages are blanked during 
transmission and are controlled by TVG during the 
li.stening interval. The circuits containing R9, P2, 
C7, and C8 control the blanking and TVG voltages. 
During tran,sraission a high iiogtitive voltage i.s ap¬ 
plied at the junction of R8 and R9. The circuit 07 
and R9 serve.? as a fast-di,scharge circuit which allows 
the potential of the grids of V2 and V3 to drop quite 
rapidly immediately following transmission. The cir¬ 
cuit con,sisting of P2 and 08 is a slow-discharge cir¬ 
cuit which actually controls the TVG during the 
major portion of the listening interval. By this ar¬ 
rangement a voltage high enough to achieve blanking 
of the receiver during transmission is applied at the 
junction of R8 and R9, but very soon after trans¬ 
mission this voltage drops to the proper level for 
control of the receiver sensitivity during the li.stening 
interval and the rate of change of the sensitivity is 
then controllcid by the circuit P2 and C8. The poten¬ 
tial of the grid of V3 is maintained by way of R15 
and the potential of the junction of R9 and P2. The 
entire receiving system contains two identical re¬ 
ceivers like that shown in Figure 4 with the TVG 
circuits of these two receivers connected together as 
indicated in Figure 4. The inputs of those two re¬ 
ceiver.? are obtained from two separate identical re¬ 
ceiving hydrophones. 

The fourth stage of the receiver is bia.sed beyond 
cutoff by means of a negative voltage applied to its 
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Figure 4. Schematic of steering receiver. 


grid by way of P3, R20, and R21, When a signal is 
received on the hydrophone, this negative bias on V4 
serves as an amplitude gate for the system, requiring 
that a signal level out of V3 be higher than a prede¬ 


termined value in order that any signal be generated 
in the plate circuit of V4. This stage also serves as a 
limiter stage since a level of about 3 db above the 
threshold signal level is required to produce limiting. 
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The phase-sensitive detector circuit which is used re¬ 
quires that the applied signals he out of phase by 90 
degrees in order to produce a zero output. This 
90-dcgree phase difference in the two receivers is 
achieved by proper tailoring of the coupling con¬ 
densers C4, CTl, and C16 in the two receivers. 


24.5 PHASE-SENSITIVE DETECTOR 
AND RELAY CONTROL 

The schematic of the phase-vseiisitive detector cir¬ 
cuit is shown in Figure 5. The outpvits of the twm re¬ 
ceivers appejir at the traiisformcr.s Tl and T2. The 



phase shifts in the receivers are adjusted by tailoring 
the coupling condensers so that for signals in phase 
apphed at the receiver inputs the signals at the out¬ 
put of the receivers will be 90 degrees out of phase 
with each other. Figure 6 is a curve indi(\ating the 
d-c voltage output of the pliase-sensitive detector 
plotted as a function of target angle in degrees. The 
values of the phase-sensitive detector output volt¬ 
ages are expressed as fractions of the signal voltage 
generated in the plate oir(!uits of the limiter stages. 
The maximum output voltage occurs at a target 
angle of 80 degrees and is equal to 0.7 of the value 
of the hmiter signal voltage. The output of the phase- 
sensitive detector appetirs at the terminals of the two 
condensers Cl and C2 connected in series. Tire ter¬ 
minal of Cl is connected to the grid of a d-c ampli¬ 
fier which operates one steering relay and the other 
terminal of C2 is connected to another d-c amplifier 
which operates anotlier .steering relay. These steering 
relays are used to rotate the gyro by means of a gyro¬ 
angling motor. When a steering signal i.s received, 
one or the other of the relays is closed and this causes 


the gyro-angling motor to cliangc the setting of the 
gyro by 7 degrees. This amount of eoirectioii of the 
gyro per ping is chosen since it is the rate at which 
the torpedo is able to turn under the application of 
full rudder. The relay amplifiers are so biased tliat 
the voltage required to actuate the relays corresponds 
to the phase-.sensitive detector output at a target 
angle of 8 degrees. 


21.6 COLIJSION-COURSE STEERING 

llie British Imve done some work on a modifica¬ 
tion of the steering control system in order to permit 
the torpedo to be steered on a collision course. Tlie 
modification of the steering circuit required to 
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Figtirf. 6. Pha-se-sensitlve detector characteristics. 


achieve this is indicated in Figure 7. S is a stepping 
relay which is used to change the relative phase- 
shifts of signal in the two steering amplifiers. The 
relays, indicated as relays 2, are normally closed, but 
they can be driven open by a signal of somewhat 
higher level than that required to close the relays 1. 
Wien a signal is received which requires steering in 
one direction but which produces a phase-sensitive 
detector output sufficient to actuate relay 1 but not 
to actuate relay 2, the gyro-angling motor will in¬ 
troduce the eorrcjction of 7 degree.s in the course in 
the l-scH!ond interval between echoes. At the same 
time the stepping relay S will be turned to introduce 
phase shift in the opposite sense between the two 
amplifiers amounting to 4 degrccss which is the dif- 
ferenee between the angle of correction introduced by 
the gyro-angling motor and the minimum sensitivity 
of the relay amplifiers. By this means the torpedo will 
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asymptotically approach a course in such a way ttuit 

4-1-. i-k ■wrtT«4-1TTrt + 4" f rtT’'"MII 
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remain constant. This is by definition the collision 
course. If the target angle at the time of initial con- 


S from operating. This condition will be continued 
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SO that relay 2 will be unactuated when the torpedo 
will begin to correct to the collision course. It is not 
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Fiouhe 7. Block diagram of oollision-coursc system steering. 


tact is very large, the time which would bo required 
to correct to the collision course would be excessive, 
so the relays 2 arc provided to make the tor{)edo 
initially correct to a pursuit course under conditions 
of very large target angle where the signal applied 
to the relay amplifier is sufficiently large to actuate 
relay 2. Opening relay 2 prevents the stepping relay 


known whether any torpedoes were ever operated 
with the collision-course system. The initial plan was 
to proceed with the simple steering system and to in¬ 
corporate the collision-course system when it was 
sufficiently perfeeded.^ 

* See references 65 and 60 for additional material on topioa in 
this chapter. 







Chapter 25 

BRITISH BOWLER SYSTEM 


25.1 INTRODUCTION 

f I 'he BRITISH Bowler torpedo ut,iiize.s an echo- 
A ranging control system with two independent 
projectors and hydrophones. The system components 
were designed for aircraft launching. The projectors 
and hydrophones are so mounted that one projector 
transmits a beam out perpendicular to the torpedo 
axis on one side and a hydrophone placed be.side it 
receives echoes from any target approximately to the 
torpedo axis. The other projector and hydrophone 


of 0.16 sec. The projectors and hydrophones are both 
quartz transducers of about 3-in. diameter. The pro¬ 
jectors are internally mounted and are acoustically 
coupled to the hull bj^ means of an oil coll. The hy¬ 
drophones are externally mounted and are isolated 
from the hull of the torpedo. An interesting fact ob- 
.served in connection with the mounting of the hydro¬ 
phones is the fact that the width of the annular space 
between the diaphragms of the hydrophone and the 
hull of the torpedo is critical. This annular space fills 
with water in the course of the torpedo’s run and the 
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PiGunE 1. Block diagram of British Bowler system. 


are located similarly on the opposite side of the tor- optimum value for the ividth of the space is 0.040 in. 
pedo. The torpedo is normally launched from a bow A greater width than this apparently introduces fur¬ 
or stern aspect and if the torpedo misses the target, bulence causing increased self noise, while a narrower 
an echo will be received on one or the other of the re- width permits the w'ater to form a shunt path across 
ceiving hydrophoiios, causing the torpedo to go into the isolation, 
a hard turn toward the target. This arrangement re¬ 
quires that the range of the target be le.ss than the 25.2 ELECTRONIC GEAR 

diameter of the turning circle of the torpedo in order 

for it to make a hit. The transmitter consists of a blocking oscillator 

A block diagram of the system is shown in Figure employing a 6N7 tube. The length of the pulses and 
1. The frequency of the transmitted signal is 26.7 kc; the interval between pulses are controlled by the 
the length of the pulse is 2 msec with a ping interval characteristics of this blocking oscillator. The oscilla- 
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tor drives the power iimpiifier which in turn drives 
the projectors through a coupling transformer. The 
power output of each projector is 15 watts. Since the 
blocking oscillator is its own time base, it is neces¬ 
sary that this oscillator be used to control the blank¬ 
ing and the TVC of tlie receiver. These functions are 
achieved by means of the double-rectifier system in- 



Fkjuku 2. Details of blanking and TVG circuits. 


dicated in Figure 2. The virtue of this system is that 
it achieves blanking of the second stage of the re¬ 
ceiver amplifier by a combination of increased bias 
on the grid and decreased value of resistance to 
ground from the grid without introducing transients 
into the system. The storage of charge on the con¬ 
denser C by the rectifier VRl is used for the TVO 
control. The receivers consist of two stages of resist¬ 
ance-coupled amplifiers followed by a single gas- 
discharge tube which is used to control the steering 
action. Con,siderable difficulty was encountered in 
obtaining control of the rudders by means of sole¬ 
noids operated by relays from the gas tubes because 
space did not permit installation of adequate sole¬ 
noids. The final solution of this problem was quite 


unusual and was pos.sibie only because the torpedo 
is intended to have steering action applied just once 
during the course of an attack. The device consisted 
of two small cylinders each containing an explosive 
charge back of a piston. Wlien an echo i.s received, 
indicating that the torpedo should turn in one direc¬ 
tion, firing of the gas tube in the receiver causes the 
charge in the cylinder to be fired which in turn throws 
the rudder hard over in the proper direedion. It is 
impos.siblo for any further steering to take place 
until the torpedo is recovered and the cylinders are 
refset. 

The .size of the complete electronic chassis is ap¬ 
proximately 5 X 6 X 12 in, The power supply con¬ 
sists of a 12-v Edison storage battery which is 
12 X 4 X 3 in. The high-voltage plate supplies for 
the tubes arc obtained by means of vibrators with 
transformers and rectifiens. 

25.3 PERFORMANCE 

The dynamic sound pressure during transmis.sion 
is between 2,000 and 6,000 dynes per sq em at a 
range of 10 ft on the axis of a projector. Echoes of 
50 to 100 dynes per sq cm have been obtained at a 
range of 100 yd off the beam of a .stationary tanker. 
Echoes off the bow of such a ship at 100 yd range are 
approximately 20 to 30 dyne.s per sq cm. The peak 
noise level of the torpedo operating at a speed of 40 
knots is from 5 to 8 dynes per sq cm. The signal-to- 
noise ratio under the most unfavorable conditions at 
100 yards range is about 12 db. The average value is 
more nearly 20 db.* 

• See references 66-68 for additional material on topics in 
this chapter. 




Chapter 26 

EVALUATION 


A ll of the echo-ranging control systems which 
have been described in the preceding chapters 
are systems which were developed under the stress 
of war with the chief objective to get a working de¬ 
vice in the shortest possible time. In all cases com¬ 
promises had to be made in order to avoid dLscarding 
something already developed and taking the neces¬ 
sary time to go back and re-engineer parts of systems 
which were found unsatisfactory. T'his resulteil in 
most of the devices being made more compheated 
than necessary and containing components which 
are forced to operate under marginal operating con¬ 
ditions. The problem of maintenance and adjust¬ 
ment of the systems is in all cases more complicated 
than should be necessary. 

In the case of the antisubmarine devices developed 
in this country, a device was dasired which could be 
incorporated in the existing tfirpcdo body already 
being iiaod as a noise-steering torpedo. Since the body 
used in this torpedo is not capable of withstanding 
pressures corresponding to depths greater than about 
400 ft, there was little immediate advantage to be 
gained in designing the electronic gear with a view 
to operating over a greater range of depth. The sys¬ 
tem developed by General Ehictric and engineered 
for production by the Leeds and Northrup Company 
fulfilled the requirements for this de\dce in a quite 
satisfactory manner. It is one of the simplest echo¬ 
ranging systems which has been developed. The chief 
weakness of the system is the fact that the rate of 
dive and climb has to be quite severely limited. The 
maximum climb angle permitted is about 1.5 degrees 
which provides relatively little maneuverability in 
the vertical jilane if a submarine under attack takes 
evasive action in the vertical plane. This is not a 
serious limitation when the device is applied to a 
body which is restricted to the upper 400 ft of water 
and is aircraft-launched against the swirl left by a 
diving submarine. If, however, the device is applied 
in a torpedo capable of operating over the range of 
depth to which the most modem submarine.s can 
operate, namely, about 1,000 ft, it is quite possible 
that evasive tactics in the vertical plane on the part 
of the submarine would be successful in evading the 
torpedo. 


The General Electric N0181 system utilizes trans¬ 
mitter pulse lengths of about 30 msec with an am¬ 
plitude-gate characteristic which prevents the device 
from steering on short pulses. This makes the system 
quite invulnerable to grcnadc-type countermeas¬ 
ures. The cut-on cutoff steering employed in azimuth 
makes the device quite invulnerable to noise counter¬ 
measures towed a.stcrn or thrown out from a suh- 


under attack. The cut-on cutoff steering sys¬ 
tem causes the torpedo to steer around the noise 
source, and if echoes are picked up on the far side 
again, the torpedo will steer on the echoes from the 
target. The device is, however, vulnerable to a decoy 
in the form of a very strong noise .source at the t arget. 
Tills form of decoy will cause the torpedo to steer 
around the target rather than attack it. 

The behavior of this system on wakes is quite in¬ 
teresting. The cut-on cutoff steering system in the 
azimuth plane camses the torpedo to .steer parallel to 
the wake along one side. If the device steers on the 
wake, it will follow the wake to the target if started 
in the proper direction. In antisubmarine application, 
this is an advantage, since the torpedo when aircraft- 
launched is normally launched as near as possible to 
the swirl left by the diving submarine. This wake¬ 
following feature might well be a disadvantage in an 
anti surface-ship deiice, since in this case the torpedo 
is normally launched to run toward the target. The 
acoustic contact with the wake is likely to be such 
that the torpedo will follow the wake away from the 
target. 

The Harvard N0181 system is a considerably 
more complicated devicte than the General Electric 
device. It utilizes target doppler for enablement, and 
in addition, uses an amplitude gate with a 30-msec 
transmitted pulse. This sy.stein is somewhat less vul¬ 
nerable to countermeasures than the General Electric 
system and, in addition, high rates of dive or climb 
can be used since the device will not steer on surface 
or bottom echoes. The doppler system also prevents 
the device from steering on wake echoes. In a body 
with the limited capabilities of the one inlo which 
this device was built, there is some question as to 
whether the advantages gained by the additional 
complication of the doppler-enabling sy.stem were 
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worth while. However, in the developincnl of an 
echo-ranging antiHiibniariiie torpedo for operation at 


c;pth 
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tactics on the part of the submarine can becoim; im¬ 
portant, the additional rate of dive and eliiiib per¬ 
mitted by the doppler-enabling system probably will 
become an important feature. Tliis syst('m is also in¬ 
vulnerable t o grenade-type countermeasures because 
of the action of the amplitude gate. Thert; is some 
tendency for the device to steer toward a noise 
sour(!e, so if the target is made a source of noise, the 
noise would Hiinply aid tlie devi(‘e m steering on the 
target. The behavior of the deviee in the presence of 
a eontimious-noise source towed by the target or 
thrown out from the target is similar to that of the 
General Electric system. The torpedo might steer 
toward the noise source but after passing through it, 
it W'ould be free to .search on the target again; the 
.sharp beam pattern of the transducer minimizes the 
effect of the eomiternnasure after the torpiido has 
passed. Tt should be noticed, however, that the use 
of a doppler-enabling system makes possible a simple 
evasion tactic, sinci' it makes steering on a stationary 
.submarine iinpos.sible. 

The British Dealer torpedo was also designed as 
an echo-ranging antisubmarine torpedo, but rc'la- 
tively little is knowm of the nature of the electronic 
gear used. The methods used in the actual steering of 
the torpedo avoid the u.se of rudders which ha it to 
be operated through watertight seals on the body. 
The result was that two projiulsion motors and two 
propellers are used and a means of moving the bat¬ 
tery backward and forward is {innndcd in order to 
steer the torpedo in the vertical plain!. 

All these antisubmarine torpedoes WTre designed 
so that they could be aircraft-launched. Thi.s placed 
relatively .severe requirements on the design of all 
components entering into them. 

The echo-ranging anti surface-ship torpedo which 
is simplest in jirinciple and has the mo.st limited ob- 
jei'tive is the British Bowler. This deviee is intended 
to hav(! an acoustic operating raiigi; less than the 
turning diameter of the torpedo and it is intended 


that when the device receives an (!cho from one sid<!, 
the rudders will be turned hard over and the torpedo 
will .simply turn into the target. The transducers for 
the two separate transmitting and receiving systems 
are mounted on the two sides of the torpedo with 
their acoustic axes almost perpendicular to the axis 
of the body. The purposi; of a device siKih as this Is 
to increase the effectiveness of torpedoes launch(!d off 


the bow' or ste.rn of the target ship, but for large 
jni.s.ses the acoustic control system does not add any¬ 
thing to the effectiveness of the torpedo. 

One of the .simpl(!st of the anti surfac(!-ship torpedo 
eclio-ranging systems is the Geier 1 developed by th(! 
German Luftwaffe. The objectives of this devit'e are 
somewhat limited since its operating range is only 
about 200 meters. This deviee also uses two inde- 
pcndcMit .sets of transducers, and acoustic control is 
iiiaugiiralcd when an echo is received on one of the 
receiving hydrophone.s. However, the device differ.s 
from the Bowder device in that acoustic couItoI is 


maintained until the torpedo strikes the target. This 
deviee i.s quite vulnerable to countermeasures, since 
it operates on any sudden change in signal level. It 
will not steer, liowcvx'r, on a continuous-noise c,omi- 
tcrmca.surc, because of the action of the special 
AVC circuit . It is also suscejitible to stwiring on tar¬ 
get wakes. There is an important difference between 
th(! behavior of thi.s system and the Geiu'ral Electric 
sysUan with respect to the target wake. The eut-on 
cutoff steering of the General Electric device causes 
it to steer parallel to the wake while thc! behavior of 
the German Geier system is such that when it stiiers 
on echoes from the wake, it tends to steer perpen¬ 
dicular to it. In any case, when the' torpedo gets in 
such a position that it i.s closer to the wake than it 
is to the target, it will steer perpendicular to the 
wake. Tlie Gerniari.s were doing con.siderabl(! work 
toward improvement of the performance of this de¬ 
vice in order to eliminate! its vulnerability to the 
wake. The Geier 1 system was not intend(!d to bt! 
ii.s(!d a.s a Service .s-ystem but was .simply intended to 
he u.S(!d as a sort of guinea pig in the development of 
an improved device. 

The Bell Telephone Laboratories [BTL] 157G 
system and the British IVumpor systems are quite 
similar in their plan of operation. Both of th(!se de¬ 
vices u.se a split-hydrophone system and the elec¬ 
tronic gear in the reeeiv(!r compares the phase of the 
signals on the two halves of the recidving hydro¬ 
phones. In both cases the hydrophones and projec¬ 
tors are crystaL The British system iis(!s quartz crys¬ 
tals and the BTL .system uses ammonium dihydrogen 
pho.sphate crystals. The BTL device uses the same 
transducer for both projector and receiver. In the 
BTL device the target angle is actually measured by 
comparison of phase of signal on the two halves of 
the. transducer and the measnred value of the target 
angle! plus a small correction angle is injected to the 
gyro cam plate by means of a medinnical device 
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called a translator. In tlie British system an incre¬ 
ment of angle is injected to the gyro cam plate wlnm- 
ever the aeoiistie signal indicates that the target is 
off the axis. On the basis of an analy.sis made, by the 
BTL group, the system used by the British should 
be just as effective and it is capable of being made 
(iomsiderably simphir. One of the important criticisms 
of the BTL device is that in many ways it is exces¬ 
sively compUcat(;d. For example, the time base of tht; 
system consists of three double triodes and two re¬ 
lays, where the same operations can be performed by 
a simple set of cam-operated switches. The system 
wh(ir(>by the target angle is measured also re(iuire.s 
that a condenser and considerable circuit network 
have to be isolaterl from ground by a resistance of the 
order of 100 megohms. This is a requiremc,nt which 
probably caimot be maintained under all ex()eeted 
conditions of operation. 

The German Geier system, the British Trumper, 
and the BTL system all suffer from the same diffi¬ 
culty with target wakes. The solution of the difficulty 
by the Germans and the BTL group is quite similar 
and involves use of a preferred-side steering. This is 
accomplished by setting a switch, operable from th() 
outside of the torpedo, which eairses the system to 
steer in the preferred direction when echoes are re¬ 
ceived in a listening interval wliich give steering in- 
foimation in both directions. With this arrangement 
the subimiriiie skipper determines, b(’fore firing the 
torpedo, on which side of the target the torpedo will 
approach, and the preferred-side steering system is 
so set up that for that side of approach to the target 
the torpedo will prefer echoes from the target. In 
these systems it is assumed tliat the target will piu-- 
sue, the course estimated at the time of firing, Tf the 
torpedo is fired from a long running range and the 
ship is executing evasive maneuvers, there is a possi¬ 
bility that the ,ship Will be in su(j1i u position tbat 
the torpedo will not be on the preferred .side. In this 
ca-se, the, torpedo will prefer echoes from the wake 
ami will bo actually less likely to contact the target 
than it would have been nnthout the preferred-,side 
steering. The, British also encountered another dif¬ 
ficulty with their system in the presence of wakes. 
The broad transducer pattern in the azimuth plane 
causes the phase-sen.sitive detector to receive a long 
.signal of continuously-varying pha,se which inter¬ 
feres with its action to sucii an extent that they were 
considering a change friiiii a phase-compai’i,sori sys¬ 
tem to an amplitude-comparison system. 

The Ordnance Riiscareh Laboratory [ORIj] proj- 


e,ot 4 device is an outgrowth of the Harvard N0181 
.syste.ni with tlie emphasis on antisurface-ship appli¬ 
cation rather than antisubiiiariiie application. Since 
the probhmi of target wakc.s is a much more impor¬ 
tant problem in anti .siirfacc-.ship applications, the 
doppler-enabling system gives this device consider¬ 
able advantage, since it quitis effectively eliminates 
the wvake-steoring problem. The preliminary results 
which hav(! l)e,en obtained using the special trans¬ 
ducer, which was developed with this system, indi¬ 
cate tlmt the effective self noi,S(; of the torpedo in a 
system using this traii.sducer is considerably loss than 
the, effective noisi! level with other types of trans¬ 
ducer. The u.se of this transducer which has a very 
sharp beam pattern roquii-es tlie snaky gyro-cuiirse 
for search in order to make ac,oustic contact with a 
target at an appreciable angle with the original gyro 
coiir.se of the torpedo. 

Relatii’oly little attention has been paid the coun- 
tenneasure, problem in the eelio-raiiging systems 
which were developed during the war. The fact that 
countermeasures for echo-ranging .systeni,s are, in 
general, different from those effective against a noise- 
stiHiring device was depended on to make former do- 
vicivs effective. In future development, the fact that 
countermeasures, designed to operate against echo- 
ranging torpedoes, will lie used, -will have to be con¬ 
sidered in the design of the systems themselves. The 
experience with the Harvard N0181 and the Gen¬ 
eral Electric N0181 devices indicate that the use of 
relatively long transmitted pulses makes a system 
les.s vulnerable to countermeasures. In addition, 
methods of processing the receiv'ed echoes will need 
to be devised in such a way that the criterion for 
.st(x?ring can be varied from one unit to another so 
that when one type of eountermeasure becomes ef¬ 
fective, the system can be changed to make this 
coiuiterinea.sure ineffective. 

Since the self-noi,se level of the torpedo as meas¬ 
ured on the rc(!eiving hydrophone determines the 
lowest level of received (!cho which can be effective 
in steering, the, deaign of the transducer to minimizi', 
self noise is important. So far, the experience with 
the transducer which is used in the; Harvard NO 181, 
the General Electric NOlSl, and the ORL project 
4 .systems indicates that this transducer, which ha.s 
a very sharp b(!am {lattern and is mounted in the 
center of the nose, measures a lower kwol of self noi.se 
from the torpedo than is mea.sured by broader beam- 
pattern transduce.rs and transducers which are 
mounted at points in the nose not at the center. It is 
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not yet known whether this diffonnice is due to tlio 
more (fffoetive froiit-to-back discrimination of the 
transdncor used or to the fact that tlie siiiall trans¬ 
ducer mounted at the center of the nose is less af¬ 
fected by water-flow noise. Future inv^estigations on 
the factor.s dcderminiiig torpedo self iioLso should 
clarify this matter and make possible the more in¬ 
telligent design of transducer syst(;ms. 

In the anti,surface-ship a]5plications’, some acous¬ 
tic torpedo(;s provide for only azimuth control and 
the running depth of the torpedo is so set that it can 
make mechanical contact with the target or, if an 
influence exploder is used, the torp(xio will pass close 
enough under the target to actuate-, the influence ex¬ 
ploder. Experience so far indi(at(!.s that self noise due 
to cavitation is deicreased as the running d(>pth of tin-, 
torpefdo is iiicrc-ased. Expcalence with the Mark 21 
and Mark 31 noise-steering torijedoes which u.se the 
Mark 13 and hlark 18 bodici! indicates that self-noise 
leved de-creases with increased dejDth down to a depth 
of about 50 ft. The decrea.se in self noi.se is of .suf¬ 
ficient magnitude so that it is worth while op(;rating 
the torpedo at the 50-ft running depth for the initial 
portion of an atta(;k and then to use a v(!rtical- 
steering sj-stem to bring the torfiedo up to a .shallow 
enough depth to make the attack effective at the 
end. The experience so far with the Mark 28 noisi;- 
.steering torjiedo indicates that operation as deep as 
80 ft i.s do.sirable in the initial portion of the attack. 
Unless it i.s possible to design propellers which are 
entirely free from cavitation, it will jirobably coii- 
tiinui to be profitable to operate torpedoes at these 
gn?ater depths during the initial ixirtioii of th(} at¬ 
tack. 

All torpedo echo-ranging .systian.s .so far developed 
have relatively complicated electronic gear wliic,h is 
.so designeil tliat the adjustment.^ of tin; coiiiponeiit.s 
of the system an-, critical, requiring quite highly 
skilled maintenance persoiiiu-J at any station where 
the device,s are made ready for operation. This con¬ 
dition need not always be true. With proper engi¬ 
neering tlie d(-,vices should be so worked out that, 
aft(!r adjustment is made in the factory, no further 
adjustment of any electronic components would need 
to be made in the fiidd. It would be desirable to de¬ 
sign the eleetronic panels so that they contain two or 
three r<;placeable units with all compoiKaits ivell pro¬ 
tected again.st mechanical injury and then supply 
te.st equipment for the field whi(-h will determine 
whether tlie.se unit conifioiients arc operating prop¬ 
erly or not. If a component is found not to be oper¬ 


ating properly, it should be removed, replaced by 
another, and the defective component either dis¬ 
carded or returned to the factory for adjustment. 
This would greatly sim])lify the Navy ]3er.sonnel 
problem. 

One of th(! most important needs in the develop¬ 
ment of any type of acoustic torpedo i.s’ the devidop- 
ment of a torpiido body with a control system to 
which the information from the electronic panel can 
be easily applied. It rvould seem that an all-el<;ctric 
control .system is preferable to the air control .sy.s- 
teiiis in current use on most torpedoi^s. In the case 
of the BTL device, a propoi-tioiial control in assimutb 
is achieved by means of an extremely complicated 
mechani-sm to tran.sfer the a(X)ii.stic-.sto(!ring informa¬ 
tion to the torpedo gyro cover plate;. Use of an all- 
electrii- ironlrol system would make; po.s.sil>le a ve;ry 
much simplified me;ans of transferring tlii.s infeirma- 
tion to the gyro. In the e;a.se of the; U.S. Navy Mark 
20 torjiedo, which w-as never used in the Service, the 
cerntrol system for Ixith depth and azimuth utilizes 
selsyiis to tran-sfe-r the information from the gyro to 
the torpedo azimuth-ce>nti‘oI .system and from the 
pendulum anel be;llows to the ele;pth-eoiitrol sy,stem. 
With this type of control it is po,s,sjble, by the intro¬ 
duction of another selsyn in the elepth system and 
also another .selsyn in the azimuth system, to inject 
the correction information from the steering ampli¬ 
fier to the noi'inal torpedo control. One of the diffi¬ 
culties in the Mark 20 i.s the fact that steering motors 
are used, and trouble ha.s been e.vp(-rienced with the 
.stability of this torpedo Ixicau.se of the sluggish ac¬ 
tion of the .steering motors. 

In order to achieve maximuni range for an echo- 
ranging torpedo, it i.s iioce.s.sary to havi; the ping in¬ 
terval great enough so that the traii.smitted .signal 
can gel (,o the target at the maximum range and hack 
before the next trail,sinitted signal. As the maximum 
range of the echo-ranging torpedoes increases, the 
information w-ill bt;corae more int(;rmittent and the 
difficulties in tin; use of an on-off steering system will 
liecome greater. This means that either a propor¬ 
tional aziiiiuth-steeriiig system as is used by BTL or 
an incremental azimuth syst(;m a.s is used in the 
British torpedoes will need to be used. 

Olio of the chief advantages of an e<-ho-ranging 
.system is the fact that the range achieved i.s quite 
independent of the nature of the noise emitted by the 
target. In order to utilize this advantage to the maxi¬ 
mum, large transmitter power outputs are essential. 
At the present time, the BTL N0181 system and the 
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()IIL project 4 system use transmitters of 1.5-kw 
capacity which is probably not the largest power out¬ 
put feasible in an echo-ranging device. The utiliza¬ 
tion of power in a duty cycle needs some further 
study. In the above nnaitioned systems, tlie actual 
pow’er output is determined by the plate voltagt; 
limitations of the tubes used in the power amplifiers. 
The power-supply problem actually resolves itself 
into the problem of transforming jjower from the 


pivjju.ii:^AVJii 111 t.11^ tMi pcMVJ iiiiiij pi.Kvi!! 


on a duty-ej'cle basis for the transmitter without the 


use of equipment which has an excessive weight or 
volume. In neither of the above syKstems is the power 
out]>ut of the transducer gnjat enough to cause cavi¬ 
tation at its face during tins transmitted pulse. 

As the H<!oustic range of torpedoes is increased, the 
nmning range of the torpedo should be increased in 
a corresponding maimer in order to utilize fully the 
advantages to bo gained by acoustic control, Thi.s is 
anotlier reason why attention should be given to the 


design of torpedoes 


systems. 





GLOSSARY 


Acoustic Frequencies. Sonic frequencies, range of audible 
frequencies, sometimes taken as from 0.02 to 15 kc. 

Cavitation. The formation of vapor or gas cavities in water, 
caused by sharp reduction in local pressure. 

Ceiling Switch. Pressure-actuated switch which keeps con- 
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depth. 

Crystal Tk.ansducek. A transducer which utilizes piezo¬ 
electric crystals, usually Rochelle salt, ADP, quartz, or 
tourmaline. 

Directivity Inoex. A measure of the directional properties 
of a transducer. It is the ratio, in decibels, of the average 
intensity, or response, over the whole sphere surrounding 
the projector, or hydrophone, to the intensity, or respon.se, 
on the acoustic axis. 

Doppler-Enabling System. A circuit which allows only 
echoes having doppler to actuate the torpedo control 
system. 

Echo Repeater. Artificial target, used in sonar calibration 
and training, which returns a synthetic echo by receiving, 
amplifying, and retransmitting an incident ping. 

FM Sonar. Scanning-type sonar using a continuous fre¬ 
quency-modulated transmission signal. 

Hydrofoil. A body so formed that its motion through the 
water produces desired forces upon its surfaces. 

Hydrophone. An underwater microphone. 

Magnetostriction Effect. Phenomenon exhibition by cer¬ 
tain metals, particularly nickel and its alloys, which change 
in length when magnetized, or which, when magnetized and 
then mechanically distorted, undergo a corresponding 
change in magnetization (Villari effect). 

ODN. Own doppler nullifier. 

Ping. Acoustic pulse signal projected by echo-ranging trans¬ 
ducer. 

Pip. Echo trace on indicator screen. 


Pitch. Angular deviation from the line of course of a pro¬ 
jectile taken in a vertical plane about its transverse axis. 

Projector. An underwater acoustic transmitter. 

Reverberation. Sound scattered diffusely back towards the 
source principally from the surface or bottom and from 
small scattering sources in the medium such as bubbles of 
air and suspended solid matter. 

SLC. Simultaneous lobe comparison. 

Spectrum Level. Sound pressure level in a 1-c band. 

Supersonic Frequencies. Range of frequencies higher than 
sonic, or “acoustic,” frequencies. Sometimes referred to as 
ultrasonic to avoid confusion with growing use of supersonic 
to denote higher-than-sound velocities. 

Target Strength. Measure of reflecting power of target. 
Ratio, in decibels, of the target echo to the echo from a 6-ft 
diameter perfectly reflecting sphere at the same range and 
depth. 

Thyrite. a material whose impedance varies inversely as the 
cube of the current passing through it. 

Transducer. Any device for converting energy from one 
form to another (electrical, mechanical, or acoustical). In 
sonar, usually combines the functions of a hydrophone and a 
projector. 

TVG. Time-varied gain. 

USRL. Underwater Sound Reference Laboratories. 

Varistor. A dry rectifier with the characteristics of a non¬ 
linear resistance whose value decreases with increasing ap¬ 
plied voltage. 

X Cut. a cut in which the electrode faces of a piezoelectric 
crystal are perpendicular to an X-, or electrical, axis. 

Y Cut. A cut in which the electrode faces of a piezoelectric 
crystal are perpendicular to a Y-, or mechanical, axis. 

Yaw, Angular deviation from line of course of a projectile 
taken in a horizontal plane about its vertical axis. 

Z Cut. a cut in which the electrode faces of a piezoelectric 
crystal are perpendicular to a Z-, or optical, axis. 
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Balancing torpedo propeller torque, 
18 

Band width formula, eelio-ranging pro 
jector, 51 

Beam pattern, eolio-ranging projector, 
50 

Bell Telephone Laboratorie.s, 157B and 
1570 systems, 120-137, 157 

T^nvfieuilli^c I 1 1*:^ 

Bkanking eireiiit GE N0181 system, 83 

Bowler steering method for eeho-rang- 
ing torpedoes, 52, 56, 154, 157 

British Bowler system, 52, 56, 154, 157 

British De.alor system, 104 

British torpedoes, engine noise, 20 

British Trumper system, 149-153, 167 


Oamoperated switches, echo ranging 
time ba.se, 70, 78, 106 
Cavitation, fael,ors effecting; around 
moving sphere, 11 
around torpedoes, 10-17 
due to diminisliing Cross .section of a 
streamline, 10 
vortex formiil.as, 10 
Cavitation coefficient, 12 
values for various shapes, 12, 14 
Ca.vit.<ition noise, 14, 25, 27 
function of torpedo .speed, 9 
hydrophone discrimination, 23 
identification, 16 
speed of onset, 9 
Cavitation parameter, 12, 13, 25 
Circuit arrangements in torpedo after¬ 
body, 117 


for switching, 47,85,97,109, 111 


AVC, fi9, 98, 109 
blanking circuit, 83 
differential operated gate, 18 
limiter circuit, 128 
preference circuit, 130 
pulse shaping circuit, 108 
range reduction circuit, 153 
threshold circuit, 126 
transmitter circuit, 76, 124, 141, 149, 
154 


transniitter receiver circuit, 125 
trigger circuit, 132 
TVG, 55, 69, 80, 109, 127 
“Circulation” of a vortex, def., 10 

Mfiiylr fjir 

... . 

control, 49 

Coefficient of cavitation, 12 


Coefficients of hydrodynamic forces, 
def., 41 

Collision course steering, 152 
Commutation method for amplifier bal¬ 
ance, 46 

Comp.arison bridge, GE N0181 system, 
81 

Control sy.st,cms; .see Steering con¬ 
trol for echo-ranging torpedoe.s, 
Steering control for listening 
+yrpydoes 

Counter rotating field and armature 
type torpedo motor, 20 
('•oiinter rotating torpedo piopcHers, 
20 

Countermeasures for homing torpe¬ 
does, 68, 157, 158 
Cross force coefficient, 41 
Crystal transducers for echo-ranging 
torpedoes, 121, 149 
Cnton-cntoff steering, 74, 82, 138-148 
evaluation, 69, 156 


Damping factor, hydrodynamie, 37-45 
Damping moment coefficients, 41 
Dealer system, British, 104 
Deeihcls speotnim level, 7 
Definitions, echo-ranging terms and 
units, 63-69 

Depth steering eontrol; analysis, 39 
British Dealer system, 104 
ExFER42 mine, 57 
GE N0181 system, 82 
general design oonsider.ations, 49, 
72-75 

IllJSIy N0181 system, 102 
rostriot,ed l.o 250 yd range, 118 

1 -/ 4 : 14:1: lAJl JSj OCTimiLiLVCj til I/Itl.lOll 

Trumper system, 152 
in BTL 157C .system, 129-130 
in HUSL N0181 system, 93, 101 
in ORL project 4 system. 111 
Differential operated gate, 48 
Dircotion finding systems for echo- 
ranging torpedoes; see Steering 
control foi' eotio-iaiiging torpe¬ 


does 


Direction finding system for listening 
torpedo, 31 36 

Directivity index, transdlioer; defini¬ 
tion, 63 

formulas, 23, 64 
of HUSL transducer, 76 

TlirfiOt.iifU-i;- fniHArns VivrlrnnlumfJM. 21-t 

Doppler effect, used to identify eelioes, 
54 


169 





170 


1NI)K\' 


Tloppler-enabling receiver, ORL proj¬ 
ect 4 system, 112 

I.)opi)ler-enabling system; udvatilagcs, 
156, 158 ' 

CR,0 patterns, 100 
HIJSL NO 181 system, 85, 94, 100 
Drag force exiclTieient, 41 

Keho identification; by use of doppler 
effect, 54 

by use of long signal, 54 
by use of modulated signal, 54 
by use of short signal, 53 

liv iTse of time vtiriMble tTMin 5.5 

Echo level, factors effecting, 52 
Echo ranging torpedo control systems; 
advantages, 68-69, 73 
British Bowler, 52, 56, 154, 157 
British Dealer system, 104 
British Trumix;r, 149-153, 157 
BTT< 157B and 157C, 120 -137, 157 
disadvantages, 68 
evaluation, 156 160 
GE NOISI system, 76 -84, 156 
Goier 1 and 2; 138-148, 157 
general design considerations, 50-57, 
6.3-75 

HUSL N0181; 85-103, 1,56 
ORL project 4; 105-119 
Echo relay, ORL projeet 4 ayslein, 115 
Eolio-to-revcrberation ratio, 75 
Electronic time base for echo ranging 
systems, 70 

Ellipsoids, cavitation around, 13 
Enabling relay, OKI, project 4 system, 
115 

Equations of motion for Itomirig toipe- 
does, 37-45, 74 

Equivalent sphere formula, target 
strength, 65 
tvonir iq 40 

ExP 42 mine; amplifier balance, 46 
cavitation noise, 16, 24 
hydrophone directional jial.lerns, 23 
machinery noise, 18, 21 
rudder operation, 48 
search mechanism, 33 
ExEER42 mine; amplifier balance, 46 
depth control, 57 
echo identification, 54 
scanning system, 50 
seif-noise level, 52 
steering and searching system, 57 
ExFE3 torpedo, 3, 18 
Explosive charge, used for rudder con¬ 
trol, 155 

PlxSbH mine, Gavilation nrMsc, 16 
ExS29 torpedo, 20 

Eairprenc for acoustic isolation, 18 
Pin cavitation, 13 


Force equations, hydrodynamic, 41 
P’requency characteristics of machin¬ 
ery noise, 21 

Frequency deiiendencn, torix'do self- 
noise, 9 

Frequency disti'ibution of echo energy, 
51 

G7e submarine torpedo, 139 
G.aa flow noise in pneumatic lines, 21 
Gates in torpedo steering circuits; dif¬ 
ferential operated, 48 
doppler operated, 8.5 
level operated, 47, 85, 95, 108 
Gear noise in torijedocs, 18 
Geier 1 tori->edo exjntrol sj’stem, 138- 
148 

differences, aircraft and submarine 
tyix'.s, 143 

evaluation of iierformance, 143, 157 
Gcicr 2 torpedo control system, 143- 
146 

General Electric X0181 system, 76-84, 
156 

German torpedo control systems, 138- 
148, 1.58 

Glide angle control, ORL project 4 sys¬ 
tem, 118 

Gyro course coiTCCtion steering 
method, 57 

Gyro lock-off, ORT/ project 4 system, 
118 

Harvard Underwater Sound Labora¬ 
tory N0181 system, 85-103, 156 
High speed water tunnel (CTT), 12, 
14 

Homing range of echo-ranging torpe¬ 
does; as fimetion of self noise, 65 
formiilits, 64-66 
limitations, 4, .52, 58, 159 
maximum effective range, 56 
of BTL lo7C system, 120 
of CE NO 181 system, 76, 83 
of Geier control system, 138, 146 
Homing torpedoes; disadvantages, 4 
general design considerations, 1-2, 
58 

Hydrodynamics, torpedo, 37-45 
cocflicicnis, 41 

oonst.ants for Mark 13 torpedo, 
43 

equations of force, 41 
Hydrophone mounting, 154 
Hydrophones, torpedo; m: aim Trans¬ 
ducers, echo-ranging 
British Truinper sj'stem, 150 
directivity piitterns, 23, 65 
effect of unbalance, 34 
isolation, 23, 24 
noise dtscrimination, 23 -30 


research recommendations, 59 
terminology and units, 63-66 

Tdentifieation of echoes; using doppler 
effect, 54 

using long signal, 54 
using modulated signal, ,54 
using short signal, 53 
using time variable gain, .55 
Impedance of HTJSL tr.ansducer ele¬ 
ments, 77, 86 

Intensity unibs, acoustic, 63 
Irrotatiomal motion, dcf. 10 

Lag line angle formula, 89 
Laminated stack magnctostrictive 
transducer elements, 76, 86, 140 
Level-operated switching gate, 47, 85- 
97,108 109 

Limiter circuit, BTL 157C system, 
128 

T.istening torpedo control systems, 31- 
36 

countermeasures, 68 
Long signal method for echo idetitifiea- 
tioii, 54 

Machinery noise in tortxtdoes, 18 22 
dependence on torixido speed, 26 
frequency Spectrum, 21 
liydrophone discrimination 24, 30 
Magnetic homing, 5 
Magnetostrictive transducer elements, 
76, 85, 140 
Mark 9 torpedo, 149 
Mark 13 torpedo; fin cavitation, 13 
self noise, 8 

Mark 13 torpedo with shroud ring, 
hydrodynamic constants, 43 
Mark 14 torpedo, 57, 120 
Mark 18 torpedo, 8, 18, 28, 120 
Mark 20 torpedo, 1.59 
Mark 26 torpedo, 20 
Maximum homing range; function of 
self noise, 66 

limitations, 4, 52, .56, 159 
of BTL 1570 system, 121 
of GE N0181 system, 76 
of Geier control system, 139, 148 
Minerv.a Radio, Vienna, 138 
Mines, acoustic homing; F.xF42 mine, 
3, 16 ■22, 33, 46-48 
ExFER42 mine, 46-57 
ExS13 mine, 16 

Mines, wake following; see Wake-fol¬ 
lowing torpedoes and mines 
Mirmr lobes, defined, 04 
Moment coefficient, 41 
Momentum of torpedo, equation, 41 
Motor, counter-rotating field and ar¬ 
mature type, 20 





INDEX 


171 


Motor noise in torpedoes, 21 
Motor operated rudder's, 48 
Midtivibrator operated time-base, 91, 
123 

Nickel lamination transducers, 70, 80, 
140 

NOISI system, GF., 70-84 

n.T/'w-ifu _A_ TTrrcjT Or 1 rkO 

iNV^ioi system, iiL HiJ, r>r>—luo 

Noise drscriminalion in hydrophones; 
against cavitation noise, 23 
against machinery noise, 24 
against water background noise, 23 
Noise discriminator: Geier 2 system, 

144 

Noise refeienee level, defined, 03 
Noise, torpedo, 7-30 
cavitation noise, 10-17 
machinery noise, 18-22 
self noise, 7-9 
total noise, 2,o-30 
water noise, 7, 23 

Ogives, cavitation around, 13 
157R control system, BTL, 120-137 
ir)7C control system, B'l’T,, 120-137 
On-off steeling, 72, 74, 82, 138-148 
evaluation, 69, 156 

Ordnance Research Laboratory project 
4 system, 105-119 

Oscillating motion of homing torpedo; 
conditions for, 40-4.5 
tendency in HTT. 157C system, 
135 

Own-doppler correction, HUSL sys¬ 
tem, 9,5, 100 

Petidel-Roac stabilized transducei- as¬ 
sembly, 147 

Pendulum type limiter for depth-steer¬ 
ing control, 49 

Phase difference system for direction 
finding, 36 

Phase sensitive detectors; in Rritish 
Trumper system, 1.52 
in BTL 157C system, 129-130 
in ITUSL N0181 .system, 93, 101 
in ORL project. 4 system. 111 
Piezo-electric crystal transducer, 121, 
149 

Pilot cRmnel system for amplifier 

l.„l —- 

Power absorbed by hydrophone, band 
width effect, 63 

Power limitations of torjredo trans¬ 
ducers, 50 

Preference circuit, RTL 157C system, 
130 

Preferred side steering, 121, 130, 139, 

145 

evaluation 146-148, 1.58 


Pressure in sound field; a* a function 
of eleolrio power, 64 
units defined, 63 

Project 4 system, ORL, 10.5-119 
Projector, echo-r.anging; see Transduc¬ 
er's, echo-ranging 
Propeller cavitation, 9, 12 
caused by blade defects, 15 
caused by vorlcxc.s, 11 
effect of piarix'llcr lip speed, 14- 25 
hydrophone discrimination against, 
24 

Propeller modulation of shipnoi.se, 7 
Projioller thrust coefficient, 41 
Propeller vibration noise, 22 
Pulse shaire, Gctcr system, 143 
Pulse shaping circuits; ORL project 4 
system, 108 

Quartz sandwich type transducers, 149 

Radiation resistance; definition, 64 
value for water, 64 
Radio controlled toriredoes, 5 
R.ange, homing, of echo-ranging tor- 
pedos; formulas, 64-66 
function of self noise, 65 
limitations, .5, .52, 56, 160 
of RTL 1570 system, 120 
of GF, NO 181 system, 76, 83 
of Geior control system, 138, 146 
Range of target, effect on echo strength, 
52 

Range reduction ciroiiit, GK N0181 
system, 83 

Receiver amplifiers, BTI. 157C system, 
125 

Reeeiver,s, doppler-enabling; HT^SL 
NOISI system, 93 
OUT. project 4 system, 112 
Receivers, coho-ranging; British Dealer 
system, 104 
GL N0181 system, SO 
Geier 1 system, 141 
general design considerations, 70 
Receivers, steering; British Trumper 
system, 150 

HUSL NO 181 system, 92, 101 
ORL project 4 system, 108 
Recommendations for furl her insoarch; 
depth steering, 49 
hydrophone studies, 59 
reduction of hydrophone water 
noise, 21 

self noise studies, .58 
tacl.ical use of homing torpedoes, 
58-59 

variable speed torjKdo, 6 
Relaxation time of torpedo body, 74 
Relay control circuits; British Trumper 
system, 152 


ORL project 4 system, 114-116 
Relays in echo-ranging control sys¬ 
tems, 71, 114-116, 135-137, 142 
see also Gates 

Reverheratiou discrimination, 53-.5,5 
Rudder control, toipcdo; see also Steer¬ 
ing control 

.automatic reversal, 116 

<-i 1» + i <-»•?■> r\f -rvi ■! <-»■»■» TA. 

motor-operated, 48 
solenoid operated, 49 
using explosive charge, 1.55 
Rudder torque constant, torpedo, 37- 
45 

Stdvo firing with echo-ranging torpe¬ 
does, 68 

>Sc.anning system, echo-ranging pro¬ 
jector, .50 

Search mechanisms; British dealer sys¬ 
tem, 104 

depth behavior, 72 
ExF42 mine, 33 

.KxFER42 mine combined steering 
and searcl' system, 57 
HUSL NOISI system, 102 
ORL project 4 sj-stem, 10,5 
Self noise, torpedo, 6, 7-30, 65 
deix:ndenec on depth, 28, 159 
dependence on speed, 8, 28 
experimental analysis, 16 
frequency dependence, 9 
Mark 18 torpedo, ORT. system, 
10,5 

measurement by external hydro¬ 
phone, 8, 27 

measurement by self liydrophone.s, 
27 

research recommendations, .58 
Sols^yn, proposed use in control sy.slcms, 
1.59 

Sensitivity of hydrophone, definition, 
63-64 

Servo .systems; see Steering control 
Short signal method for echo identifica¬ 
tion, 53 

Signal generator limitations, torpedo, 
70 

Signal level requirements in torpedo 
eclio-ranging, 50-52 
Solenoid-operated rudders, 49 

rtT'ouulirfi iinifiJ rlo'^TiU/'l 

|jtx.kj’oxttvz} vyv 

Spectrum level of acoustic energy, 
formula, 51 

Sphere, cavitation about, 11 
Sphere, equivalent to target, formula, 
65 

Spin tendency of toqiedoes, 49 
Stability, torpedo, 37-4.5, 49 
Steering control, mathematical analy¬ 
sis. 37 -45 
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Steering control for echo ranging tor- 
ixidocs: Hrrtrsh Bowler system, 
h6, 154 

Tlritish Dealer system, 104 
British Trumper system, 1.52 
BTL I57C system, 132 
circuit arrangement in torpedo after¬ 
body, 117 

eoiiisron course steering, 152 
ExFER42 mine method, 57 
GE N0181 sys cm, 82 
Geier 1 sj^stem, 138 
Gcicr 2 system, 144 
general design considerations- 49“57i 
63-75, 160 

gyro course correction method, 57 
HUSL N018I system, 102-103 
on-off steering, 69, 72, 82, 138-148 
preferred side st eering, 121, 130, 144- 
148, 158 
aelsyns, 159 

“snaky” course, 73, 105 
symmetrical steering, 144 
vertical steering, 39, 49, 72-75 
Steering control for listening torped(-»es, 
intensity difference method, 31- 
36 

phase difference method, 36 
Stiffness of control, torpedo steering 
mechanism, 37-45 

Submarine launched torpedoes, eon- 
tiol systems; British Trumper 
system, 149 
BTL 1,57C system, 120 
Geier 1 system, 138-148 
Surface ship lannehed torpedoes, con¬ 
trol systems; general design 
considerations, 66, 72 
Switching circuit, transmitter reeeiver, 
125 

Switching method for amplifier balanc¬ 
ing, 46 

Symmetrical steering, 139, 146-148 

Tactical use of homing torpedoes, rec¬ 
ommendations, 58-59 
Target location system for listening 
torjjedo, 31-36 

Target noise, effect, on useful range, 51 
Target range; see Homing range of echo 
rfinging torpedoes 
Target strength formulas, 51, 65 


Threshold circuit, BTL 157C system, 
126 

Time base for echo-ranging systems; 
British Dealer system, 104 
BTTj 157C system, 122 
cam-operated switches, 70, 78, 106 
elcetronie, 70 
GE X()18l system, 78 
general design considerations. 70 
TIUSL \0181 system, 91 
multivibrator operated, 91, 123 
ORL project 4 system, 100, 117 
Time lag in acoustic control systems, 
amilysis, 39-45, 48 

Time varied gain circuits, in BTL 157G 
system, 127 

in GE X0181 system, 80 
in ORL project 4 system, 109 
use in echo-ranging receivers, 55, 
69 

Torpedoes, acoustic, homing; see also 
Mines, .acoustic homing 
Ex 20F torpedo, 18, 49 
Ex S29 torpedo, 20 
57C stibmarine (orjX'do, 139 
hmitations, 6 
Mark 9 tor|jedo, 149 
Mark 13, torpedo, 8, 13, 43 
Mark 14 torpedo, 57, 120 
Mark 18 torpedo, 8, 18, 28, 120 
Mark 20 torpedo, 159 
Mark 26 torijcdo, 20 
Torpedoes, control systems; see Air¬ 
craft launched torpedoes, con¬ 
trol systems, .\ntisubmarine 
torpedo control systems, Anti- 
surfacc-sliip torpedo control sys¬ 
tems 

Torque due to torpedo projieller, 18 
Trajectory of torpedo, analysis, 41 
equations of motion, 37-45, 74 
Transducer, directivity index, defined, 
64 

Traducer assembly, stabilized, 147 
Transducer axis, defined, 64 
Transducer elements; laminated stack 
magnetostrictive, 76, 85, 140 
piezoelectric Crystal, 121, 149 
Quartz sandwich type, 149 
Transducer mounting, British Bowler 
system, 154 

Transdueei’s, eeho-rturging; see also 
Hydrophones, torpedo 


British Dealer System, 104 
British Trumper System, 149 
BTL 1570 System, 121 
GEN0181 system, 76, 86 
Geier system, 140 

general design considerations, 50-52, 
70 

ORL project 4 system, 106 
Transmitter circuits, echo-ranging; 
British Bowler system, 154 
British Trumper system, 149 
RTL J75C system, 124 
GE N0181 system, 76 

C ^di^r 1 ia\7Q+*»Tr» 14.1 
General design considerations, 160 
HUSL N0181 system, 91 
ORL project 4 system, 106 
Transmitter-receiver switching circuit, 
BTL 157C system, 125 
Trigger circuit, RTI, 157C system, 
132 

Trumper system, British, 149 -153 
Turiurig radius of torpedo, effect on 
homing range, 56 

L'nivcrsal torpedo, proposed, 6 

Variable-speed torpedo, proposed, 6 
Vertical steering control, analysis, 
39 

British dealer system, 104 
ExFER 42 mine, 57 
GE N0181 system, 82 
general design considerations, 49, 
72-75 

HUSL N0181 system, 103 
restiicted lo 250 yd. range, 118 
Vertical steering relay, ORL project 4 
system, 115 
Vortex cavitation, 10 
Vortex pressures, 10 

Wake .avoiding steering system, 121, 
130, 139, 144-148, 1,58 
Wake following toriiedoes and mines, 
5, .57, 156 

Water conditions effecting homing tor¬ 
pedoes; effect of turbulent sur¬ 
face layer, 21 

effect of depth steering, 49 
water background noise, 7, 23, 25 

Zero spectrum sound level, def., 63 
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